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The mainstream introduction and development of plastics has been integral in the 
formation of modern urban infrastructures and has allowed for the advancement of medical, 
electronic, and industrial technologies.  Some plastics first mass produced nearly a century ago 
like poly(vinyl chloride) (PVC) and poly(styrene) (PS) are still widely utilized with global 
annual production exceeding tens of millions of tons.  The long term and widespread use of these 
two plastics make them some of the most studied anthropogenic materials to date.  However, 
there remain some major holes in understanding how the institution of these plastics affects the 
environment at a molecular level, likely due to a lack of appropriate analytical techniques to gain 
this information.  Herein, the work in this thesis develops a wide understanding of how 
phthalate-plasticized PVC plastics interact with the surrounding environment at a molecular 
level.  Plastic and plasticizing phthalate behaviors at air, water and silica interfaces were 
elucidated using a combination of spectroscopic surface sensitive techniques including sum 
frequency generation (SFG) vibrational spectroscopy, x-ray photoelectron spectroscopy, and 
time-of-flight secondary ion mass spectrometry. Both molecular surface and bulk changes of 
plastics exposed to a variety of harsh chemical environments were determined using select 
analytical techniques.  In contrast to traditional plastics research, plastics were probed in situ and 
in real time at the molecular level without disturbing the integrity of the plastic whenever 
feasible.   
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Studies on the natural state of phthalate-plasticized PVC surfaces and on molecular 
effects of heat and water contact on PVC plastics revealed that phthalates can be present on 
plastic surfaces even when a low percentage of these plasticizers are added to PVC.  Applied 
heat was found to induce dramatic phthalate leaching over hours, and water contact induced 
permanent changes to the surfaces of PVC plastics from both molecular restructuring and 
phthalate leaching.  Surface phthalates were found to leach into water and permanently transfer 
to new surfaces through water contact in only minutes. Additionally, the molecular mechanisms 
and effects of treatments we designed to reduce phthalate leaching or degrade phthalates in 
plastic: plasma and short wave UV light treatments, respectively, were deduced.  Air plasma 
treatment was found to induce drastic chemical changes to the surface of PVC plastics dominated 
by PVC chains including scission, chlorine removal, oxygen deposition, and minor surface 
crosslinking, while the bulk of the plastic remained intact.  Exposure of plastics to short wave 
UV light was determined to be a potentially efficient means of phthalate removal for disposed 
plastics, resulting in phthalate degradation on the surface and throughout the plastic, with most 
toxic molecules removed after 5 h of exposure and little damage to PVC chains.  Short 
wave/H2O2 treatments led to competing radical reactions with PVC chains over phthalates and 
increased molecular surface disorder, and long wave UV exposure and long wave/H2O2 
treatments induced only very minor chemical reactions in and on phthalate-plasticized PVC 
films.   
In later studies, we turned our attention to understanding how PS plastics adsorb and 
desorb local environmental toxins at a molecular level.  Using analytical techniques SFG 
spectroscopy and quartz crystal microbalance in combination with new environmental point-
source experimental models, we revealed how marine and human toxins nonylphenols (NP)s 
xx 
 
deposit and order differently on PS plastics when the plastic is located above a calm water 
surface versus over land.  NPs were found to remain much more highly ordered on PS if they 
were originally deposited under humid conditions, even after agitation of the plastic surface by 
moving water and re-exposure to air. Interestingly, a similar order of NPs were found to deposit 
on PS plastic under both model land and surface lake conditions though the theoretical 
availability of NPs was at ppm concentrations near dry land and ppt concentrations near a lake 
surface.  By understanding how plastics release and adsorb toxins at a molecular level we can 
predict what sort of surface and bulk changes will occur before any microscopic or macroscopic 
changes to the plastic can be observed and more accurately gauge the impact of currently 
implemented plastics on a wide variety of ecosystems.  Ultimately this information aids in the 




CHAPTER 1  
 
INTRODUCTION 
1.1 Motivation and Background 
As a whole, the plastic industry has revolutionized modern life around the world.  As 
early as 1922, plastics became available to the Western public at large, in the form of Bakelite, 
the first synthetic thermosetting polymer. Bakelite’s uses quickly expanded and could be found 
in industrial components, electrical wiring, household items and even toys.
1,2
  The successful 
mass production and application of synthetic Bakelite products sparked the plastic revolution of 
the 1930s-1950s.  Within only several decades, a thriving worldwide market for synthetic 
polymer materials was born.
1
 Since this era, there has been great drive to develop better, cheaper, 
stronger, and more versatile plastics.  As plastic synthesis and production technology progressed, 
more structurally complex polymers and plastics were devised in a self-feeding, ever progressing 
cycle. Better plastics = better technologies = greater ability to synthesize new plastics. Molecules 
and materials found to yield beneficial structural and physical properties were added during 
production, and plastics soon came to be known as the standard for endurance and affordability. 
The formulation of products with appropriate flexibility, porosity, color, strength, weight, and 
shelf-life allowed for the invention of millions of modern devices, everyday items and 





Unfortunately, there were many oversights in the midst of the plastic economic explosion 
which impact us today.  Consequently, it has been well demonstrated that the mainstream 
introduction of billions of tons of these ultra-durable, non-native materials has a rather large 
negative impact on the environment at both a macroscopic and molecular scale.
5-16
 Take for 
example, the story of a single family of plastic: poly(vinyl chloride) or PVC, which will be a 
major focus of research in this thesis.  PVC is considered one of the first generation commercial 
plastics, developed in the late 1800s and manufactured in the 1920s.
3
  Along with poly(styrene) 
(PS), poly(propylene) (PP), and poly(ethylene terephthalate) (PET), PVC was commercially 
produced during the plastic revolution and has become a major player in the plastic market 
today.  The formulation of PVC plastic has remained relatively unchanged in the last few 
decades and PVC is still widely used for industrial purposes, household items, wiring, tubing and 
cables, paints, medical devices, children’s toys, and vinyl flooring, among thousands of other 
applications.   
PVC, if manufactured without additional plasticizing compounds, forms rather rigid 
and/or brittle materials.  As such, it is not too difficult to conjecture why it took several decades 
for PVC use to popularize; there simply wasn’t any well known method to make PVC supple.  It 
wasn’t until the 1930s, when the molecule bis-2-ethyhexyl phthalate, otherwise known as di-2-
ethylhexyl phthalate (DEHP), became commercially available, that PVC became an international 
plastic leader.
1,4,17






Figure 1.1. Molecular structures of di-2-ethylhexyl phthalate (DEHP) (left), and poly(vinyl 
chloride) (PVC) (right). 
DEHP belongs to a class of small, non-covalently bound phthalate plasticizers that are 
still used to achieve appropriate PVC plastic elasticity and pliability for different applications.  
When phthalates were first introduced as a cost-effective, relatively simple means to plasticize 
PVC plastics, negative interactions between these molecules and living organisms were 
relatively unknown.  Both the ease of plastic manufacture and the low cost of phthalate synthesis 
led to the mass production of millions of tons of phthalate plasticized PVC products per year.   
Today we know that phthalates are suspected human and marine toxins, suspected human 
carcinogens, and proven rodent endocrine disruptors and have been well documented to pervade 
urban and rural environments.  In fact, many scientific studies have demonstrated correlations of 
increased phthalate levels in surrounding environments and in living organisms with adverse 
health effects in animals and humans.
18-59
   
One of the most famous studies on phthalate toxicity was conducted by EPA 
toxicologists in 2000.  Louise Parks and researchers determined that the introduction of 750 
mg/kg/day of DEHP to fetal and postnatal male rats resulted in inhibited testosterone production, 
reduced anogenital distance, and reduced testis weight.  Ultimately this meant that exposure to 
DEHP induced malformations in male rats.
59
  Interestingly, in contrast to the induced androgenic 
effects from relatively low dose exposure, the lethal DEHP dose (LD-50) for rodents is quite 
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high.  The oral LD-50 for rats, for example, is 30,000 mg/kg, leading researchers to label DEHP 
as a rodent reproductive toxin rather than an acute toxicant.
60
   
More current research has revealed that phthalates may have negative impacts on 
reproductive health of humans as well as rodents. To list a couple quick examples, strong 
associations between increased concentrations of active metabolites of DEHP in male urine and 
increased sperm DNA damage have been reported
35
 as well as increases in cell oxidative stress 
associated with increased DEHP exposure.
32,33,39
 In response to the plethora of toxicity findings, 
some countries have banned the use of phthalates in various consumer products in favor of more 
expensive, but less toxic plasticizers.  Many countries, however, either due to lack of facilities 
and financial means, political discourse, or more complicated reasons, still utilize high 
concentrations of phthalates as plasticizers.  This includes the United States, where strict 
regulations limit the use of phthalates in certain types of children’s toys, but the use of phthalates 
in medical equipment and devices is currently allowed.
61,62
  As a result, new PVC products are 
often plasticized up to 75% by weight of phthalates, with DEHP leading the charge in plasticizer 
market share.  Since phthalates are persistently applied in the PVC industry and have been 
utilized for decades, it is extremely important to further understand the impact of both PVC and 
phthalates on the environment and living ecosystems.   
By and large, PVC and phthalates, and all of the molecules studied in this thesis for that 
matter, have been well characterized, including toxicological studies, examination of bulk and/or 
macroscopic properties, and bulk degradation as previously cited in this introduction and listed 
here.
9,19,32,35,45,46,51,56,58-93
 Information on the negative impacts of PVC, PS, PET and other 
common plastics have changed hands from scientists to the public at large through the 
generations.  Ask the average American middle school child why we recycle plastics, and he or 
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she will likely rattle off stories of plastics cluttering beaches, trapping fish, and piling up in 
landfills.  Yet still, after almost hundreds of years of using PVC and common plastics, there 
remain some fundamental missing pieces of information about how plastics, plasticizers, and 
plastic components interact with and influence surrounding matter.  That is, previous to this 
research, there existed very little understanding of the surface behaviors of these molecules, 
likely due to a lack of appropriate analytical techniques to gain this information.   
Thus, we reach the first focus of this thesis: studying the surface molecular level 
behaviors of phthalates and simple PVC plastics in situ in a variety of different environments 
90-
94
 which until now have remained mostly unknown.
4,18,22,44,99,100
  A large section of this research 
focus is dedicated to evaluate the potential for non-covalently bound phthalates to interact with 
living organisms, undergo chemical reactions, or segregate and accumulate at a molecular level 
under various environmental conditions.  Additionally we study the molecular level changes of 
plastics from various purposely applied leaching and/or surface treatments.  These studies allow 
us to better evaluate the risks encountered with these materials and to evaluate new sustainable 
treatment methods that minimize phthalate contact with living organisms.  
Of course, the interaction of toxin molecules from plastics with surrounding matter is 
only one of many ways that plastics pervade areas far outreaching their intended applications.  A 
second focus in this thesis shifts gears to study how and why plastics adsorb environmental 
toxins under different conditions.   Rather than focus on the molecular components that make up 
a plastic like PVC, I study molecules from the surrounding environment interacting with the 
surfaces of common plastic PS.  This revolution-era plastic often finds its way into natural 
ecosystems, where there is potential for various complicated interactions with wildlife.  Mainly, 
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the plastics can break into smaller pieces, upset flora and fauna balance, and release and collect 
toxins. 
My molecular level studies take us to a narrow section of the field of plastic/toxin 
interactions: evaluating how hydrophobic plastics that end up in fresh-water ecosystems may 
play a key role in toxin distribution through uptake and release of toxins in different 
environmental platforms.
7,8,15,16,101-125
  It has been previously established that there is enormous 
potential for hydrophobic microplastics like PS to interact with industrial runoff and 
contaminants in the Great Lakes.
5,6,8,104,110,120,126-130
  By studying the molecular level interactions 
between toxins and plastics in aquatic ecosystems in real time and in situ, we aid in explaining 
how and why microplastics interrupt ecosystem balance at a very fundamental level.  Therefore 
as an environmentally relevant model, the molecular level interactions of nonylphenols (NPs), 
human and aquatic toxins commonly found in the Great Lakes, with PS under different model 
conditions were examined in this thesis. 
To summarize, much of the work in this thesis is investigative in nature, aiming to 
scrutinize environmental risks as well as evaluate green methods to prevent negative interactions 
between plastics and the surrounding matter.  I strongly believe that research efforts should focus 
on better understanding currently used toxic plasticizers and remediation efforts in addition to 
developing future safe plasticizers and plastics.  There are many ways to study the impact of 
commonly used plastics on the environment, and thousands of avenues of research topics within 
this field.  Here, I aim to show progress in one of those avenues: filling a large knowledge gap 
regarding the environmental impacts of widely utilized polymeric materials by focusing on in 
situ molecular level characterizations of phthalates, PVC, NPs, and other common plastics at 
environmentally relevant surfaces and interfaces.   
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Finally, this leaves us now with an analytical question of how we were able to gain these 
surface molecular level insights.  In situ molecular level studies of plastic surfaces and interfaces 
were accomplished by using a nonlinear optical technique called sum frequency generation 
(SFG) vibrational spectroscopy which will be described in detail in the following sections.  In 
turn, we generated a broad picture on molecular interactions and behaviors of our systems of 
study overall by combining information obtained from SFG with that of other analytical 
techniques such as coherent anti-Stokes Raman scattering (CARS), secondary ion mass 
spectrometry (SIMS), and Fourier transform infrared spectroscopy (FTIR), among others.  The 
utilization of SFG was crucial to these studies, revealing molecular-level changes in plastics that 
can vastly impact biota but cannot be observed with traditional analytical techniques due to 
detection limitations and/or destructive analyses.  
With SFG, we could focus specifically on studying surface changes of plastics in air, 
water, under humidity, and at solid interfaces, which is greatly warranted since plastic surfaces 
directly contact and interact with living organisms during the plastic’s use and after disposal.  
And by focusing on studying molecules on surfaces and interfaces of plastics in situ, we gain a 
deeper fundamental understanding of the effects of harsh chemical treatments applied during and 
after manufacture, the ability to predict the effectiveness of plastic treatments, and the risk of 
direct exposure to surface toxic molecules under various environmental stressors.  In closing, my 
hope here is that this research, though extremely narrow in the scope of polymer studies, may 
help reveal the structures of surfaces and interfaces of currently manufactured plastics, and aid in 
designing safer future surface treatments and plastics. 
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1.2 Introduction to Sum Frequency Generation Vibrational Spectroscopy 
SFG is the main technique utilized in these studies to conduct the aforementioned surface 
and interface studies in situ.  SFG is a truly surface sensitive second order nonlinear optical 
process capable of providing molecular vibrational information for molecules where 
centrosymmetry is broken, i.e. at surfaces and interfaces.
131-134  
The interfacial sensitivity of SFG 
is provided by the selection rule which is different from linear vibrational spectroscopy.  Because 
SFG is a second order nonlinear optical process, the signal intensity is proportional to the square 
of the second order nonlinear optical susceptibility of the material ( )2χ  under the electric dipole 
approximation.  The selection rule under the electric dipole approximation for the SFG process 
states that no SFG signal will be generated for materials with inversion symmetry.  However, at 
surfaces and interfaces where centrosymmetry is broken, SFG signal may be generated.  Most 
bulk materials have inversion symmetry and therefore do not generate SFG signal.   
SFG has been demonstrated to be a very powerful spectroscopic technique over the past 
couple decades to probe environmental and polymeric interfaces without disturbing the systems 
of study (i.e. no destruction of sample or vacuum required), an advantage over many traditional 
analytical instruments.
135-170
 A number of other techniques were utilized in this thesis work to 
complement SFG data and to generate a better picture of molecular behaviors, including coherent 
anti-Stokes Raman scattering (CARS), contact angle goniometry, x-ray photoelectron 
spectroscopy (XPS), time-of-flight mass spectrometry (ToF-SIMS), and Fourier transform 
infrared spectroscopy (FTIR).  CARS and ToF-SIMS will be described later in this chapter. 
The SFG process may occur when two pulsed laser beams, one with a tuneable IR 
frequency ωIR, and the other with a fixed visible frequency ωVIS, overlap spatially and temporally 
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at a surface or interface. SFG can probe interfaces that are accessible to laser light including 
air/film interfaces, film/water interfaces, film/film interfaces, and film/optical substrate interfaces 
in situ and in real time at sub-monolayer sensitivity.  An SFG signal can be generated at a 
specific direction given by phase matching conditions with a frequency ωSFG = ωΙR + ωVIS. The 
intensity of this sum frequency signal is resonantly enhanced when the tuneable IR frequency 
equals that of a vibrational transition of a molecule. Thus, SFG signal intensity plotted against 
the input IR frequency provides a vibrational spectrum consisting of vibrational peaks 
contributed by molecular vibrational modes of molecules.   
In general, the SFG process is considered a combination of both IR absorption and anti-
Stokes Raman scattering.  By applying different polarization combinations of the input and 
output laser beams, SFG can be used to elucidate molecular orientation or ordering information 
at interfaces and/or information on the number of molecules or molecular groups present, which 
will be discussed in detail later.  The following two sections of this chapter describe SFG 
experimental setup and theory in detail.   
1.3 SFG Experimental Details 
The SFG systems used for the presented studies were commercially available from 
EKSPLA (Vilnius, Lithuania), composed of  a pico-second Nd:YAG laser, a harmonic unit with 
two KD*P crystals, an optical parametric generation (OPG)/optical parametric amplification 
(OPA) and difference frequency generation (DFG) system based on LBO and AgGaS2 (or GaSe) 
crystals and a detection system. The output of the Nd:YAG laser is a 20 Hz 20 ps 1064 nm near-
IR beam. The visible input 532 nm beam for SFG experiments is generated by frequency-
doubling a portion of this 1064 nm beam. The OPG and OPA can generate a signal beam (420 to 
 
680 nm) and an idler beam (740
used in the DFG to generate a 
experiments, the input visible and IR 
the visible and the IR input are 60° and 55° 
diameters of both input beams at the surface are about 500 
passes through a monochromator, 
gated integrator.  The powers of both beams are monitored by two photodiodes and this power 
information can be used for data normalization. 
found in Figure 1.2 and the energy diagram of the SFG process a
generic sample setups can be found in Figure 1.3. To conduct SFG analysis, all samples analyzed 
in this thesis were held on an optical substrate like a fused silica or CaF
prism at the sample stage. 
Figure 1.2. Schematic of the SFG laser system illustrating the Nd:YAG laser unit, 
Harmonics unit, OPG/OPA/DFG,
10 
 to 2300 nm). The idler beam and the 1064 nm pump beam are 
tunable mid-IR light (from 1000 cm
-1
 to 4300 cm
pulse energies are both ~100 µJ.   The incident angles of 
versus the surface normal, respectively. The 
µm. The SFG signal from the surface 
is collected by a photomultiplier tube and processed
The schematic of the SFG laser system can be 
s well as an illustration of 
2 window or right angle 




). For SFG 





Figure 1.3. Illustration of two common SFG sample geometries using window and prism 
optical substrates with spin coated polymer (left) and the SFG energy level diagram (right). 
1.4 Additional Information on SFG Signal Contributions 
As previously stated, SFG is a coherent optical process involving two input (visible and 
infrared) beams and one output (sum) beam.  In a generic sense the SFG signal intensity can be 
described as proportional to the intensities of the input IR and visible beams (IIR and Ivis) and the 
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          Eq. 1.1 
More specifically, the output sum frequency intensity obtained experimentally in the 
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ω =                  Eq. 1.2 
where β is the output sum frequency reflection angle, ni(ωi) is the frequency (ωi ) 
dependent refractive index of the medium, I1(ω1) and I2(ω2) are the intensities of the input visible 
and IR fields, respectively, T is the input beam pulse-width, A is the overlapping area of the two 
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input beams at the sample surfaces or/and interfaces, and
( )2
effχ  is once again the effective second-
order nonlinear optical susceptibility.  
Since each beam can be adjusted to either an s- or p-polarization,
( )2
effχ  with different 
polarization combinations can be experimentally measured, such as ssp (s-polarized sum 
frequency signal, s-polarized visible beam, and p-polarized IR beam), sps, pss, and ppp 
polarization combinations.
172 
As such, for an isotropic interface in the x-y plane, the effective 
second order nonlinear optical susceptibility components can be related to the second order 
nonlinear optical susceptibility components of the sample in the lab-fixed coordinating system.  
With the coordinate system defined as xy plane = the surface or interface of interest, z 
perpendicular to the surface/interface, and xz plane = plane of incoming and outgoing laser 
beams, we have: 
( ) ( ) ( ) ( ) yyzzzyyyysspeff LLL χβωωωχ 2212 , sin=        Eq. 1.3 
( ) ( ) ( ) ( ) yzyyyzzyyspseff LLL χβωωωχ 1212 , sin=        Eq. 1.4 
( ) ( ) ( ) ( ) zyyyyyyzzpsseff LLL βχωωωχ sin212 , =        Eq. 1.5 
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     Eq. 1.6 
 
For an isotropic non-chiral surface, there are only seven non-zero tensor components of 
second-order nonlinear susceptibility (χyyz, χyzy, χzyy, χxxz, χxzx, χzxx, and χzzz) within the surface-
fixed coordinate system. β, β1 and β2 are the output angles for the sum frequency signal, input 
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angle of the visible beam and input angle of the infrared beam, respectively and ω, ω1 and ω2  are 
frequencies of the sum frequency beam, the visible beam and the IR beam, respectively.  Liis are 
(i=x, y, or z) the Fresnel coefficients responsible for the local field correction of the two input 
and one output beams. For a single surface or interface embedded between two semi-infinite 
media, Liis can be written as
172-174
: 
( ) ( )
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Lzz                Eq. 1.9 
For all the sum frequency, visible and IR beams, such equations responsible for the local 
field correction are valid. Here, β is the beam input or output angle, γ is the refracted angle in the 
medium 2, and n′ (ω) is the refractive index of the surface or interfacial layer. An SFG spectrum 
can be fitted to deduce 
( )2
effχ components obtained experimentally, using the following equation, a 
sum of Lorentzians: 









2        Eq. 1.10 
Where χNR is the non-resonant background arising from the electric polarization of the 
surface or interface and the adjacent media, Fijk is the Fresnel coefficient responsible for the local 
field correction, and Aq, ωq, and Γq are the strength, resonant infrared frequency, and damping 
coefficient of the qth vibrational mode, respectively.   
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)2(χ  itself can be described as related to the molecular second order nonlinear 
polarizability (or hyperpolarizability), βijk
(2)





     , ,IJK Ii Jj Kk ijk
IJK x y z
N
R R R ijk a b cχ β
ε =
= =∑               Eq. 1.11 
Where N is the number of surface molecules, 0ε  is the vacuum permittivity, R is a 
transformation matrix to change from the molecular frame to the laboratory frame. The 
macroscopic susceptibility is therefore an average of the molecular hyperpolarizability of all 
molecules. Thus, 
)2(χ is directly related to both the number of molecules/molecular groups at a 
surface or interface as well as the hyperpolarizability. 
Contributions of 
( )2
effχ  for various vibrational molecular groups can be compared 
quantitatively.  It is from the comparison of 
( )2
effχ  contributions (generated by fitting SFG spectra) 
of particular functional group(s) that information on molecular vibrational group ordering or 
orientation may be deduced, taking into account specific assumptions regarding the system of 
interest.  Molecular orientation and ordering analysis of different functional groups such as 
methyl (CH3),
172,176,177
 methylene (CH2), 
178,179
 and aromatic C-H stretches,
180-184
 have been 
discussed in length in previous publications and will not be repeated here.   
Because the systems probed in this thesis are mainly polymeric in nature with 
microscopically rough and/or disordered surfaces, C-H functional groups tend to adopt multiple 
orientations on a surface or interface.  The determination of such multiple orientation(s) of CH2 
or CH3 groups at an interface can be very challenging, if not impossible to deduce correctly.  As 
such, much of the ordering analysis of C-H functional groups and corresponding molecules has 
been completed in a qualitative, rather than quantitative, manner.   
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This can be performed (using the CH2 functional group as an example), by comparing the 
( )2
effχ  values of a CH2(s) peak and a CH2(as) peak collected a specific polarization combination, 





value from fitted SFG peaks.  After taking into account 
local Fresnel coefficients, the  
( )2




.  An orientation 




 as a function of CH2 group tilt angle on a 
surface (assuming that the twist angle can be averaged out).  The tilt angle may be plotted as a 





 value falls within the limits of the plot.  However, for polymer 
surfaces, where one surface angle for C-H groups may not be realistic, a range of values or 
possible orientations may be given.  This can be accomplished by using a Gaussian distribution 
of angles versus 
( )2χ  ratio, and/or by giving a qualitative description of surface C-H group 
ordering. E.g. the calculated
( )2χ  ratio from the CH2 group falls within a Gaussian distribution 
plot such that we can state the CH2 groups tend to lie down on the surface of the polymer, or the 
CH2 groups stand up towards the surface normal.  These qualitative conclusions can also be 
made by studying at the ratio of the intensity of the plotted peaks, provided the peak intensity 
ratios are reasonable in nature and if fit, the peaks generate normal 
( )2
effχ  values. 
A similar qualitative approach can be taken when studying the ordering of CH3 functional 





) and aromatic phenyl or phenol functional 
groups (e.g. is there any signal from the C-H stretching modes of these aromatic groups in ssp or 
ppp spectra?  If not, the rings likely lie down flat on a surface, are completely disordered, or are 
not present on the surface).   
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The previous descriptions related to Equations 1.1-1.11 correspond to a single surface or 
interface which can generate the SFG signals. However, it is possible to generate SFG signals for 
a polymer film at two interfaces simultaneously, such as the film/optical substrate interface and 
the film/air interface.  When this occurs, any orientation or ordering analysis needs to take into 
account signal interferences from the two interfaces. Another equation is needed to consider the 
contributions from both interfaces, which will be discussed in Chapter 5. 
1.5 Discussion of Model Systems and SFG Limitations 
The research of this thesis involves the investigation of simple PVC plastics under simple 
environmental models.  The plastic and environmental models were designed using minimal 
chemical components.  At the same time, it was vital to design the models accurately enough to 
mimic real life situations so that the information gained from these experiments would provide 
meaningful results.  The simplification of model plastics and environments was performed so 
that spectroscopic experiments could be easily replicated and results easily interpreted, especially 
in the case of SFG experiments.  
 A normal PVC plastic product, for example, contains fillers such as dyes, UV absorbers, 
and fire retardants in addition to the plasticizer and polymer itself.  Each component mentioned 
can consist of molecules with C-H group functionalities.  If any of the C-H components from 
fillers are present on the surface of the compounded plastic, they may yield SFG signals in the C-
H region of vibrational spectra which overlap with signals from phthalates and/or PVC.  As such, 
it would be difficult or impossible to distinguish which SFG signals come from what component 
of the plastic, and the surface behaviors of the plastic and plasticizer may not be isolated.  
Additionally, some PVC plastics are opaque, colored, and/or not optically flat materials.  In such 
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cases, SFG signals from the surface or interface of the plastics would likely be difficult to 
collect, due to optical scattering, light absorption, and/or inaccessibility to laser light.  Thus, 
clear PVC plastics consisting solely of plastic and plasticizer were utilized for all PVC-based 
experiments. 
This may raise questions regarding the interpretation of experimental results and the 
applicability of SFG for plastic studies.  Certainly, we can assert that there are some 
consequences of our model approach to studying plastic surfaces and interfaces.  Without fillers, 
chemical reactions and molecular reordering may occur on a faster scale.  Therefore, the 
observation of such events in real time may closely mimic behaviors of highly plasticized clear 
PVC products, but may not relate well to other opaque PVC materials.  In turn, the simplification 
of environments surrounding the plastics, such as model freshwater or toxin exposure can omit 
molecules normally present in real life situations.  Experiments using model chemical 
environments were performed in house, rather than obtaining data in the field.  Therefore the 
complicated interaction mechanics between trace amounts of ions, molecules, and/or radicals 
present in “real” environments cannot always be inferred.   
Thus, we can conclude overall that SFG is an excellent technique to study model plastic 
surfaces and interfaces under various model stimuli, and results can be interpolated to form 
general conclusions about the molecular behaviors of industrial and consumer plastics.  As will 
be shown in this thesis, fundamental molecular level studies on plastic yield vital insights which 
help progress plastic science and engineering.  However, SFG may not be well suited to study 
certain types of “real” plastics for applied engineering or formulation purposes due to the 
increased complexity of surface components. 
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1.6 Introduction to Coherent Anti-Stokes Raman Scattering 
Briefly, CARS is also a nonlinear optical spectroscopy, but unlike SFG it is not a surface 
sensitive analytical technique.  Some details regarding the CARS process are outlined in the next 
few paragraphs.
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 The CARS signal intensity can be expressed as: 
( ) 23
CARS p s prI I I Iχ∝                   Eq. 1.12 
Where Ip, Is and Ipr are intensities of the pump, Stokes and probe beams respectively, and 
(3)χ , the third order nonlinear susceptibility term, has the nonresonant 
(3)
NRχ  and resonant 
(3)
Rχ  




2 23 (3) (3) (3) i
NR R NR
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χ χ χ χ
ω ω
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∑               Eq. 1.13 
The resonant contribution is modeled as the sum of Lorentzians with signal strength or 
amplitude iA , frequency iΩ , and linewidth iΓ . The resonant susceptibility 
(3)
R Nχ ∝ , where N  




 is related to the number of 
molecules, but this includes molecules throughout the entirety of the sample probed with laser 
light rather than only molecules at a surface or interface.  The energy level diagram for the 
CARS process is found in Figure 1.4.   
 
Figure 1.4. Energy level diagram of the CARS process where 
the Stokes beam, ωp’ is the probe beam and ω
pump and the probe beam are the same.
1.7 CARS Experimental Details
As described previously in Chapter 5 of Dr. Chi Zhang’s 
collected on the same SFG spectrometer with some optical modifications.  T
from the OPG/OPA SFG system 
pump/probe beam. The pulse energies for the pump/probe and Stokes beams are 
~100 µJ respectively. An additional delay line 
beams on the sample when changing
generated at a different angle compar
CARS signal, which is collected by the same 
are used to change between SFG and CARS 
orders of magnitude higher collection rates than traditional Raman scattering due to the fact that 
it is a coherent technique.  Also, CARS signals can be directly compared to SFG signals as both 
are vibrational techniques, making it easy to probe bulk and surface properties of a thin film 
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ωp is the pump beam, 






, CARS spectra can be 
is used as the Stokes beam, and the 532 nm visible
is used to generate temporal overlap of the input 
 from SFG to CARS spectroscopy. The 
ed to the SFG signal. A He-Ne laser is used to tra
monochromator and PMT as in SFG. Flip mirrors 
spectral collections.  CARS has the advantage of 
ωs is 
he signal output 
 beam as the 
~300 µJ and 




material in the same environment.  More details on the utilization of SFG and CARS 
spectroscopy can be found in Chapter 2 of this thesis.  
1.8 Introduction to Time-of-Flight Secondary Ion Mass Spectrometry 
ToF-SIMS is another surface sensitive technique, but provides different information than 
SFG, mainly the presence and quantity of surface ions which can be correlated to quantitative 
measurements of surface molecules and molecular fragments. In the ToF-SIMS process, a 
primary pulsed ion beam is applied onto a surface held under ultra high vacuum (UHV), which 
releases secondary atoms, molecules and ions.  This secondary process occurs in less than 10
-12
 
seconds.  Under UHV, only ions 1-2 nm below the surface will reach the time-of-flight mass 
analyzer and generate a mass spectrum consisting of lines of mass-to-charge-ratios (m/z).  Either 
positive or negative ions may be analyzed.  ToF-SIMS gives a wide mass range and high mass 
resolution for up to hundreds of thousands of lines.  Appropriate data analysis programs may be 
used to identify patterns from specific molecules or ion fragments.  ToF-SIMS typically has a 
ppm to ppb detection limit, making it one of the highest sensitivity mass spectrometry techniques 
available.
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  The Tof-SIMS data in this thesis were collected in static mode, focusing the ion 
beam on a large surface area (500x500µm) and spectra were collected in minutes.  Further 
details regarding ToF-SIMS instrumentation and experiments can be found in Chapter 4. 
 
1.9 Presented Research 
This thesis marks the first time phthalates and NPs have been studied in situ at the 
molecular level at surfaces and buried interfaces using nonlinear optical spectroscopy.  
Additionally, this thesis applies a unique combination of analytical techniques and experiments 
to generate molecular information on interfacial and bulk phthalate behaviors and chemical 
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reactions. An understanding of phthalate behaviors in air and at buried interfaces under various 
chemical environments was successfully developed, several chemical treatments for phthalate 
removal/leaching control in plasticized PVC were designed, and the molecular level effects of 
such treatments were elucidated.   The molecular level behaviors of NPs on plastics were 
studied, and a model for a lake environment was designed so that the effects of water content on 
the adsorption and desorption of NP onto plastic could also be determined. 
 In Chapter 2, the basic surface molecular structures of PVC plasticized with phthalates 
were examined, elucidating the phthalate surface content at equilibrium under standard 
atmospheric conditions, and probing the molecular effects of an up-and-coming phthalate 
leaching application, air plasma treatment.  Results from Chapter 2 illustrate the near 
simultaneous use of SFG and CARS spectroscopy to give in situ information on molecular 
content and ordering on plastic surfaces and throughout the bulk of plastics, respectively. 
Chapter 3 focuses on studying the effects of UV light on phthalate plasticized PVC at a 
molecular level to gain a better understanding of the changes in and on PVC plastics exposed to 
sunlight or UV lamps before the plastics demonstrate microscopic or macroscopic stress.   
Specifically, short wave and long wave UV light was applied to plastics and the molecular 
changes on the surface of the plastic and throughout the bulk of plastic were examined using 
SFG, FTIR, and HPLC/MS among other techniques.  Herein a basic degradation of phthalates in 
plastic was determined for the first time, and the stable degradation products identified. 
Chapter 4 expands upon the UV work in the previous chapter.  A new phthalate 
degradation technique was developed and evaluated based off of success with short wave UV 
exposure experiments, with the purpose of minimizing the threat of phthalate leaching from 
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plastics intended for disposal or recycling.  The degradation of phthalates in and on PVC through 
exposure of hydrogen peroxide and UV light versus UV light alone was directly compared.  
Stable surface molecular products were identified by ToF-SIMS and SFG, and products in the 
plastic were determined as well.  A more complicated phthalate degradation scheme under short 
wave UV light and standard atmospheric conditions was proposed. 
The research focus shifts in Chapter 5 from studying PVC surfaces in air to the 
water/plastic interface and discriminating SFG signals from multiple interfaces.  An 
understanding of how the molecular surface of PVC and plasticized PVC changes from water 
contact was developed and SFG signals simultaneously collected from the top and bottom of a 
thin film plastic were distinguished through multiple interface calculations.  The effects of 
phthalate bulk content on the surface structures of PVC plastics in water were determined, and 
the transfer of phthalates from plastic to new polymer surfaces through water contact was 
observed in a matter of minutes, a rate much faster than traditional leaching experiments.  The 
multiple interface signal interface calculations in Chapter 5 help quantitatively explain why SFG 
signals from a variety of thin films often appear different under different experimental 
geometries. 
Lastly, Chapter 6 studies the deposition and desorption of the prolific environmental 
toxin NP, on plastics under different model environments: dry land mass and near a lake surface.  
Focus was held on understanding how microplastics in lakes collect and transfer toxins like NPs 
through an ecosystem.  The role of humidity and water content on the molecular ordering 
behaviors of NP, the amount of deposition from air to plastic, and the permanence of deposition 
under various stressors on poly(styrene) plastic were determined using SFG, QCM, and ATR-
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STUDIES ON PLASTICIZED PVC SURFACE AND BULK 
STRUCTURES: EFFECTS OF AIR PLASMA TREATMENT  
 
2.1 Background and Motivation  
In this Chapter, the effects of air plasma treatment and heating on molecular surface and 
bulk structures of PVC plastics are elucidated.  SFG was used to probe the molecular surface 
structures of thin films of PVC containing various weight percentages of the phthalate plasticizer 
DEHP (See Figure 1 in previous Chapter), before plastic annealing, after annealing and after 
exposure to air plasma.  The plasticized PVC film bulk structures were probed using an 
additional nonlinear optical spectroscopy, CARS, before and after treatments as well.  SFG and 
CARS spectra were collected in situ from samples in the same environment, using the same 
instrumentation.  In this manner the surface and bulk vibrational molecular changes of plastics 
from plasma treatment and/or annealing could be directly compared and the surface behaviors of 
DEHP elucidated.   Additional techniques x-ray photoelectron spectroscopy (XPS) and contact 
angle goniometry were applied as well to generate a broader picture of molecular level chemical 
changes.  The contents in this chapter have been adapted with permission from the following 
publication: Hankett, J. M.; Zhang, C.; Chen, Z. “Sum Frequency Generation and Coherent Anti-
Stokes Raman Spectroscopic Studies on Plasma-Treated Plasticized Polyvinyl Chloride Films” 
Langmuir 2012, 28, 4654-4662. Copyright 2012 American Chemical Society. 
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Recalling from the first Chapter of this thesis, PVC plastics that are plasticized with 
DEHP have a great potential for phthalate exposure through leaching.  Millions of tons of 
DEHP-plasticized PVC are currently in use across the globe, and millions more tons of disposed 
plastics are scattered throughout urban and rural ecosystems.
1-7
 The leaching of DEHP from PVC 
into the surrounding environment is highly undesirable since extensive research has revealed 
DEHP and other phthalates have negative influences on human health and biological ecosystems. 
Particularly, in recent years it has been discovered that DEHP is rapidly metabolized to mono-
ethylhexyl phthalate (MEHP) in the human body and it is this molecule that behaves as the active 
toxic metabolite of DEHP.  Several studies indicate that MEHP may damage human endothelial 
cells and sperm cells, among others.
8-17
 Many more researchers have focused on other biological 
and medical effects associated with exposure to phthalates, and means to reduce phthalate 
environmental exposure.  This includes studying bio-degradation mechanisms of phthalates, 
degradation mechanisms of phthalates in bulk media especially in solutions, and leaching of 




Here a study is presented on one potential means to reduce plasticizer exposure, surface 
plasma treatment.  Plasma treatment has previously shown promise for increasing the 
hydrophilicity of PVC plastic surfaces, for cross-polymerization to prevent phthalate migration 
and leaching in plastics, and as a means to accelerate PVC degradation for environmentally 
friendly material disposal.  Plasma treatment has been applied in both laboratory and industrial 
stages for many plastic applications, including medical equipment.
30-35
  While plasma treated 
materials have demonstrated improved properties towards biocompatibility and reduced 
plasticizer leaching in laboratory tests, little is known regarding the induced chemical changes on 
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plastics from this applied process and the surface behaviors of phthalates in general.
36-38
  It is 
especially important to understand the surface chemical changes that are induced by plasma 
treatment on plastic materials and phthalate plasticizers as a multitude of organisms can contact 
the treated plastic surfaces, and phthalate plasticizers leach into the environment through 
surfaces.   
Previous to this research there were no in situ studies explicitly probing the molecular 
changes from plasma treatment of plastic and plasticizer molecules on the surface compared to 
those in the bulk using a non-destructive truly surface sensitive technique. Particularly, FTIR, 
ATR-FTIR and Raman have been used to probe PVC materials treated with various forms of 
plasma.
30-34
 These techniques, however, yield molecular information beyond surface layers 
(≥200 nm). We studied the molecular changes of PVC plastics from plasma treatment using SFG 
and CARS spectroscopies nearly simultaneously, probing the surface molecular changes of 
DEHP plasticized PVC after plasma treatment, and the bulk structural changes of the plastics, 
respectively.  Recall also from the introduction that SFG is a powerful optical spectroscopy with 
intrinsic surface sensitivity, and the ability to probe environmental and polymeric interfaces with 
submonolayer surface sensitivity under atmospheric conditions.
39-60
  SFG has previously been 
proven a sound technique to study polymer surfaces exposed to plasma, radicals and UV-light.
61-
65
 For our materials of study, DEHP was added by weight to PVC materials and several different 
weight percentages of DEHP in plastic were studied in order to better understand the surface 
molecular behaviors of phthalates on PVC.   
To briefly summarize, this Chapter aims to demonstrate success in: gaining a 
fundamental understanding of surface segregation and ordering of DEHP molecules on 
plasticized PVC, determining whether or not plasma treatment truly only affects surface layers of 
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plastics, and lastly, presenting the utility of an instrumental setup to study the surface and the 
bulk molecular structural changes of plastics from harsh treatments nearly simultaneously with 
SFG and CARS probing the same samples in the same environment.  The research in this 
Chapter laid a foundation for future studies on the surface and bulk structures of plasticized PVC 
films under different harsh environmental conditions including oxygen plasma, argon plasma, 





2.2 Experimental Methods 
2.2.1 Materials 
Tetrahydrofuran (THF), ≥99.9% purity, concentrated sulfuric acid (reagent grade), 
potassium dichromate and poly(vinyl) chloride (Mw 62,000, Mn 35,000), in pellet form, were 
obtained from Sigma Aldrich (St. Louis, Mo).  Bis(2-ethylhexyl) phthalate (analytical standard) 
was obtained from Fluka (St. Louis Mo).   
2.2.2 Sample Preparation 
The PVC pellets were dissolved in THF to prepare thin films for spectroscopic studies.  A 
30:1 weight ratio of THF:PVC was used to prepare all films.  DEHP was added by weight 
percent to PVC.  Solutions were mixed using a vortex mixer (Vortex-Genie 2T, Scientific 
Industries Inc.) until clear. Fused silica windows (ESCO Products, Inc.) were used for SFG 
measurements and cleaned by first soaking in organic solvent for several hours, rinsing with 
deionized water, drying with nitrogen gas, and then were left to soak in a concentrated sulfuric 
acid bath saturated containing potassium dichromate overnight.  After the acid bath, windows 
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were rinsed with deionized water again and dried with nitrogen gas before sample preparation.  
Both silica windows and microscope glass slides were used as substrates for polymer films for 
contact angle measurements.  No differences were found in surface water contact angles when 
the different substrates were used.   
A P-6000 spin coater (Speedline Technologies) was used to prepare all 
polymer/plasticizer films.  Samples were spin coated at 3000 rpm for 30 s on windows and glass 
slides.  PVC films were prepared with varying weight percentages of DEHP at: 0 wt%, 5 wt%, 
10 wt%, 25 wt% and 65 wt% of the total PVC/DEHP mass.  Selected films were annealed in an 
Isotemp lab oven (Fisher Scientific) at 76 ̊ C overnight to study the effects of annealing on the 
plastic films’ surface structure.  To ensure THF was removed from non-annealed samples in this 
Chapter and in all following PVC-based experiments, films were dried with a stream of nitrogen 
and FTIR of the films were obtained to confirm lack of solvent signals. 
2.2.3 Instrumentation 
Static water contact angle measurements were conducted using a CAM 100 Optical 
Contact Meter (KSV Instruments).  At least three samples of each type of polymer blend were 
used for contact angle goniometry measurements and four spots were taken per sample on 
average.  Millipore deionized water was used for the measurements.  Film thickness 
measurements were obtained using a Dektek3 Profilometer (Veeco).  Film thicknesses averaged 
around 150-200 nm.  Air plasma treatment was completed using a lab-built glow discharge 
plasma cleaner held under low vacuum.  Discharge was maintained between two parallel Ti 
plates using an AC high voltage at 700 V. 
X-ray photoelectron spectroscopy (XPS) was performed at the University of Michigan’s 
Electron Microbeam Analysis Laboratory using a Kratos AXIS Ultra DLD XPS with a 
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monochromatic Al source that gives an energy resolution better than 0.5 eV measured from the 
pure Ag 3d peak. Charge neutralization was applied during XPS measurements.   
SFG was used to obtain molecular information on the surface structures of these PVC 
plastics in air before and after plasma exposure.  Details of the SFG system used for this study  
were presented in the previous Chapter and will not be repeated again. SFG spectra were 
collected using the ssp polarization combination which consists of an s-polarized output signal, 
s-polarized visible input beam and p-polarized IR input beam. 
To compare molecular vibrational signals on surfaces to the bulk of plasticized polymers, 
CARS spectroscopy was also used in this study.  CARS capability was added to our SFG system 
as was previously reported.
71
  Instead of using the frequency tunable mid-IR input beam applied 
in SFG, we used the frequency tunable visible beam generated from the OPG/OPA system as the 
Stokes beam and the 532 nm input beam as the pump/probe beam for CARS experiments and 
spectra were collected using the ssss polarization combination.  CARS spectra were collected 
from a sample using our SFG system in the same environment. The experimental stage setup for 
both SFG and CARS is described in more detail in the next section.  The collection of SFG or 
CARS spectra can be controlled by flipping mirrors on the laser table, and aligning beams onto 
the sample surface. To ensure the temporal overlap on the sample, an additional delay line was 
used in the CARS experiments.  In this study, both SFG and CARS spectroscopies examined 
molecules in the C-H stretching frequency range (2700-3100 cm
-1
).   
2.2.4 SFG and CARS Experimental Setup 
Both SFG and CARS spectra were collected using the reflection geometry.  With the SFG setup, 
this means that the window was held film-face down in a custom made substrate holder such that 
the visible and IR beams first had to penetrate the substrate to overlap spatially and temporally 
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upon the film surface.  The reflected signal beam was then directed to the monochromator.  To 
perform CARS measurements, the sample must be flipped face-up in the sample holder, and the 
reflected signal from the top of the sample was directed to the monochromator.  CARS 
measurements were obtained in a face-up reflection geometry so the generation of non-resonant 
signals from silica was avoided.  A schematic of the two experimental sample setups can be 
found in Figure 2.1.   
 
Figure 2.1. Schematic of experimental geometries for SFG measurements (left) and CARS 
measurements (right) on the same sample 
 
2.3 Results and Discussion 
2.3.1 Choosing Appropriate Film Thicknesses 
A film thickness of ~200 nm was chosen for PVC films studied in Chapters 2-5.  This 
decision was made after carefully analyzing films of different thicknesses deposited on silica 
windows.  200 nm was determined to be an ideal thickness for SFG measurements for the 
following reasons: first, the thickness and appearance of the film could easily be reproduced 
using a simple weight ratio of 30:1 THF: PVC and then spin coating the solution. Second, a 
thickness of 200 nm was thick enough to allow the phthalate, when mixed in with PVC in 
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solution and then spin coated, to function as a plasticizer.  If the film was much thinner than 200 
nm (100 nm or below) according to early SFG results the phthalate molecules would separate 
from a layer of polymer and function as a new layer of material, rather than inserting between 
polymer chains. Therefore the surface behaviors of the phthalate would not reflect that of a 
phthalate plasticizer.  Third, if the plastics were much thicker than 200 nm (275 nm or higher), 
the surfaces of the films were not optically flat, especially when a high weight percentage of 
phthalate was added.  This would result in light scattering from the film, loss of signal from 
scattering, and also yield a more disordered surface at a molecular level, giving a low signal to 
noise ratio when data was obtained on the SFG instrument. 
2.3.2 SFG and CARS Analysis of Non-annealed PVC Films 
SFG spectra were obtained on the surfaces of pure and plasticized PVC materials in an 
effort to understand the surface structures of these materials and determine how increasing 
phthalate bulk percentages affects surface molecular ordering and content.  SFG spectra were 
collected from pure PVC, PVC that contained 5 wt%, 10 wt%, 25 wt%, or 65 wt% DEHP, and 
pure DEHP in air (Figures 2.2 and 2.3).  The pure PVC spectrum can be found in Figure 2.2.  
The PVC SFG spectrum is dominated by a CH2 symmetric stretching signal (CH2(s)) located at 
about 2920 cm
-1
 which was assigned in accordance with literature studies.
72,73 
It is important to 
note that the symmetric stretch of CH2 groups in polymers with aliphatic chains usually occurs at 
~2850 cm
-1
 in SFG spectra, but the local environment surrounding these types of CH2 groups is 
much different than for PVC, and it is the difference in local environment that yields a different 
peak center for the PVC CH2(s) mode.  As an example, “normal” aliphatic chains, like those in 
poly(ethylene), contain CH2 groups that are located directly next to one other but in PVC, CH2 
groups appear in every other position along the backbone. In addition to the cited IR papers 
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which used isotope labeling studies to identify the peak center of the CH2(s) stretch, further 
evidence for our assignment can be found in an IR paper studying polyvinyl alcohol (PVA).  The 
CH2 groups in PVC have similar environments as those in PVA, which generates symmetric 




In addition to the dominant CH2(s) peak in PVC spectra, there 
is also a weak and broad signal at 2880 cm
-1
 which we believe is a methyl symmetric stretch 
(CH3(s)) originating from the methyl end groups of PVC chains.
75
   
In comparison, the SFG spectrum collected from the pure DEHP surface is markedly 
different from that collected from the pure PVC surface.  The DEHP SFG spectrum is dominated 
by a CH3(s) stretch at 2880 cm
-1 
and a Fermi resonance (generated from both the CH3(s) 
symmetric stretching and the overtone of the CH3 bending mode) at 2945 cm
-1
. A third peak at 
2860 cm
-1 
can also be observed, assigned to a CH2(s) stretch (Figure 2.3).  
















































































Figure 2.3. SFG ssp (top) and CARS ssss (bottom) spectrum of pure DEHP. 
Figure 2.2 displays SFG spectra collected from the surfaces of DEHP plasticized PVC 
with the different percent loadings of DEHP in PVC.  Looking first at the SFG spectrum of the 
sample with the lowest weight percent DEHP bulk loading (5 wt%), the dominant peak remains 
the CH2(s) stretch of PVC.  However, signals indicative of the CH3 groups of DEHP are clearly 
observed as small peaks.  This illustrates that the DEHP plasticizer is present on the surfaces of 
these films even though a very small amount was added to the bulk of the plastic.  With the 
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addition of 10 wt% DEHP, the ratio of the intensity of the CH2(s) to CH3(s) peak is about equal, 
indicating that more DEHP is present on the film surface compared to the 5 wt% DEHP sample. 
At the two higher weight percent loadings (25 wt% and 65 wt%), the DEHP signals 
dominate the spectra, indicating that the surfaces contain even more DEHP molecules.  At 25 
wt% DEHP, the PVC peak at 2920 cm
-1
 can still be observed from the surface as a shoulder in 
the spectrum, suggesting that the DEHP molecules do not entirely cover the plastic surface.  At 
65 wt% DEHP, only DEHP signals are observable, indicating that the surface consists only of 
DEHP molecules.  Looking closer, a clear trend is observed of the relative peak signal intensities 
in spectra from small to large percent bulk loading of DEHP.  The 2880 cm
-1
 and 2940 cm
-1
 
peaks gradually increase in intensity and the 2920 cm
-1
 signal gradually decreases in intensity as 
more bulk DEHP is added. This demonstrates that the surface coverage of DEHP increases while 
the surface coverage of PVC decreases with the increased bulk DEHP content. We can 
confidently say that the increase in the 2880 cm
-1
 signal arises from DEHP molecules rather than 
PVC molecules, because the SFG CH3(s) peak from DEHP is much narrower than the CH3(s) 
PVC peak.   
To compare the presence of DEHP on the film surfaces to the bulk mixtures, CARS 
spectra of these films were collected as well (Figure 2.4).  Unsurprisingly, the CH2 signal of 
PVC (2920 cm
-1
, CH2(s) stretch) dominates all percent bulk loadings except 65 wt% DEHP.   For 
the this sample, in addition to the PVC CARS peak, DEHP peaks are clearly present at 2860 cm
-1
 
(CH2(s) stretch), 2880 cm
-1
 (CH3(s) stretch; shoulder), 2945 cm
-1
 (Fermi resonance), and 2970 
cm
-1
 (CH3 asymmetric stretch (CH3(as)). These signals are also present in the CARS spectrum of 
pure DEHP (Figure 2.3).  CARS and SFG spectra reveal that the bulk composition of the films 
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may be different from the surface and that the bulk CARS signal is closely related to the percent 
loadings of DEHP prepared.  






























Figure 2.4. CARS ssss spectra of PVC films with 0 wt%, 5 wt%, 10 wt%, 25 wt% and 65 
wt% DEHP. 
2.3.3 SFG and CARS Analysis of Plasma Treated Non-annealed PVC Films 
The SFG spectra of PVC plastic surfaces obtained after exposure of individual samples to 
glow discharge atmospheric plasma for five seconds can be found in Figure 2.5.  For the pure 
PVC sample after plasma treatment, the SFG spectrum is dominated by a very wide peak at 2930 
cm
-1
. A weak signal at 2875 cm
-1
 can also be observed. The spectrum is markedly different 
compared to the spectrum collected before plasma treatment, where the main peak is centered at 
2920 cm
-1
 and much narrower in width, and the 2875 cm
-1
 signal is larger. It can be reasonably 
assumed that the decrease of the 2875 cm
-1
 signal is due to the surface coverage of methyl end 
groups decreasing or the methyl groups becoming more disordered (more evidence for this 
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conclusion will be given in later sections).  However, explaining the appearance of the broad 
2930 cm
-1
 peak is more complicated.   




























Figure 2.5. SFG ssp spectra of PVC films after plasma treatment with 0 wt%, 5 wt%, 10 
wt%, 25 wt% and 65 wt% DEHP. 
The increased peak width at 2930 cm
-1
 suggests that dramatic surface changes occurred 
from plasma treatment; the environment surrounding the methylene groups in PVC may undergo 
some changes due to the plasma treatment and/or spectral interference plays a role.  The spectral 
interference may occur if chemical reactions changed the surface of the film such that a new 
peak is now present near 2920 cm
-1
 (i.e. 2940 cm
-1
) which can lead to peak overlap.  As a result, 
a broad peak with a shifted peak center could appear. In addition to spectral overlap, previous 
research has indicated that plasma treatment and other radical reactions on PVC may remove 
chlorine atoms from the polymer chains, which could shift the CH2(s) peak center to a higher 
wavenumber and/or broaden the signal due to the increased types of environments surrounding 
the methylene groups (if only some of the chlorine atoms are removed).   
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Lastly, previous research also suggested that radical reaction can easily result in PVC 
chain scission.  If such processes occurred on the plastic surface, additional CH3 groups would 




  Because these newly 
created methyl groups are different from the original methyl end groups, they may not be ordered 
in the same manner and not necessary have strong 2880 cm
-1
 CH3(s) signals.  SFG alone cannot 
concretely explain why the PVC surface appears to be much different after plasma treatment.  A 
second surface sensitive analytical technique, XPS, was used to confirm the cause for the SFG 
spectral changes.   
The SFG spectra collected from the PVC films with 5 wt% and 10 wt% DEHP after the 
plasma treatment also show the appearance of the very broad peak at 2930 cm
-1
.  In addition, 




, and 2960 cm
-1
 (small shoulder) can be resolved. The peak shift 
of the 2920 cm
-1 
signal to 2930 cm
-1
 and the peak width increase are likely due to the same 
reasons as discussed above for the pure PVC sample. A small dip at around 2900 cm
-1
 may be 
due to interference between a non-resonant signal and the 2930 cm
-1
 signal. Again, signal 
decrease of the 2880 cm
-1
 peak is observed for these samples after plasma treatment, due to 
surface chemical changes on the plastic. Thus, we believe that plasma treatment induced similar 
surface changes on the pure PVC sample and the mixed PVC samples containing 5 wt% and 10 
wt% DEHP.  The PVC samples containing higher DEHP bulk loading, 25 wt% and 65 wt% 
DEHP content, showed no visible spectral changes before and after plasma treatment. As 
previously mentioned, DEHP dominates the surfaces of these two samples. Therefore this may 




CARS spectra reveal no differences before and after plasma treatment for all samples 
(Figure 2.6).  This indicates that the bulk of the polymer film does not exhibit structural changes 
after sample exposure to plasma. When directly comparing SFG spectra to CARS spectra, we 
can confirm that only a surface layer reaction occurred and only the surface layers of the films 
were affected while the bulk remained undisturbed.  






























Figure 2.6. CARS ssss spectra of PVC films after plasma treatment with 0 wt%, 5 wt%, 10 
wt%, 25 wt% and 65 wt% DEHP. 
 
2.3.4 SFG and CARS Analysis of Annealed PVC Films 
To ensure that sample surfaces reached equilibrium, sample films were annealed in an 
oven overnight at 76 °C.  SFG and CARS spectra (Figures 2.7 and 2.8) were obtained to 
compare the surface and bulk structures, respectively, of the annealed films to non-annealed 
films (Figures 2.2 and 2.4).  While the SFG spectra are markedly different for some samples 
before and after annealing, the CARS spectra of all the samples are similar.  First for pure PVC, 
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the SFG spectrum collected after annealing shows the CH2(s) 2920 cm
-1
 peak intensity decreases, 
indicating that the annealing induces surface methylene group reordering.  Likely they tilt more 
toward the surface (i.e., the PVC backbones stand up more on the surface), which would yield 
smaller ssp SFG signals. In addition, SFG spectral reveal a disappearance of the 2880 cm
-1
 
CH3(s) signal, indicating that the end methyl groups either retreat to the bulk (point away from 
the air interface) or become randomly ordered on the surface.  For the plastic samples that 
contain 5 wt% and 10 wt% DEHP, SFG spectra are markedly different from those collected 
before annealing. After annealing, only spectral features from DEHP can be observed, indicating 
that the surfaces are now covered with DEHP molecules. This demonstrates that at equilibrium, 
DEHP segregates to the PVC surface. 
SFG spectra were collected from PVC films with 25 wt% and 65 wt% DEHP after 
annealing. These spectra exhibit similar features to those collected before annealing. However, 
similar to the pure PVC sample, the overall SFG signal intensities for the 25 wt% and 65 wt% 
samples decreased after annealing, likely indicating that DEHP molecules now have a broader 
orientation distribution (the DEHP methyl groups are less ordered on the surface). 
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Figure 2.7. SFG ssp spectra of annealed PVC films with 0 wt%, 5 wt%, 10 wt%, 25 wt% 
and 65 wt% DEHP. 
It is important to further discuss the effects of molecular group ordering on SFG signal 
intensity for these sample types.  As can be observed in Figure 2.7, the SFG signals of 5 wt% and 
10 wt% DEHP samples are stronger than those from the 25 wt% and 65 wt% DEHP samples.  
We believe this signal intensity change between sample types is directly related to the ordering 
of DEHP molecules on the plastic surfaces. As discussed previously, before annealing, the 
surfaces of 5 wt% and 10 wt% DEHP in bulk PVC consist of both DEHP and PVC molecules.  
However, after annealing, these two surfaces are dominated by DEHP due to upward movement 
of DEHP molecules from the plastic matrix to the surface. Since the total amount of DEHP in 
PVC is small for these two samples, it is highly likely that after annealing, DEHP molecules 
barely cover the top layer of the sample.  Thus, methyl groups can order well, and “stand up” at 
the air interface (due to drives to lower the free energy of the system), generating strong signals. 
However, for 25 wt% and 65 wt% DEHP samples, both before and after annealing, the top layers 
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of the samples are crowded with DEHP molecules.  The crowded methyl groups do not have as 
much room to reorder, and can adopt a number of different orientations, generating weaker SFG 
signals. This ordering theory can explain the relative signal intensity changes found in Figures 
2.2 and 2.7.  CARS spectra of the annealed films (Figure 2.8) are comparable to non-annealed 
films except for the 65 wt% DEHP sample. The structure of DEHP molecules in the bulk may 
have slightly varied after annealing which can be detected by polarized CARS.   


































Figure 2.8. CARS ssss spectra of annealed PVC films with 0 wt%, 5 wt%, 10 wt%, 25 wt% 
and 65 wt% DEHP. 
2.3.5 SFG and CARS Analysis of Plasma Treated Annealed PVC Films 
First, studying the SFG spectrum of annealed pure PVC after plasma treatment,  there is 
an obvious increase in peak width of the main peak, and an overall increase in this peak’s 
intensity as well (Figure 2.9). The peak width increase is similar to what was observed with the 
non-annealed samples after plasma treatment, and must be caused by the same surface changes 
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that were previously discussed. The signal intensity increase indicates the methylene groups on 
the surface have reordered and are now more perpendicular to the air interface because the PVC 
backbones lie down flatter on the surface. 




























Figure 2.9. SFG ssp spectra of annealed PVC films with 0 wt%, 5 wt%, 10 wt%, 25 wt% 
and 65 wt% DEHP after exposure to glow discharge plasma. 
Next, looking at SFG spectra collected from DEHP plasticized PVC with 5 wt%, 10 wt% 
and 25 wt% DEHP after plasma treatment, there are marked spectral differences compared to 
spectra collected before plasma treatment.  A shift of the 2920 cm
-1
 peak is apparent, and a 
decrease in the 2875 cm
-1
 peak compared to the wide 2930 cm
-1
 peak is obvious.  This may have 
occurred because the plasma treatment could have exposed more sub-surface PVC, since 
annealing changed the surface structure of these plasticized films (recall surface signal changes 
for the 5wt% and 10 wt% samples after annealing).  However, the two DEHP signals (2875 and 
2860 cm
-1
) can still be observed, demonstrating that some surface coverage of DEHP remains.  
Similar to the pure annealed PVC sample, plasma exposure may also have oriented CH2 groups 
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along the surface normal in these samples.  Evidence of such lies in the fact that although the 
PVC signal at 2920 cm
-1
 was not observed before plasma treatment, after plasma treatment PVC 
generates strong signals near 2920 cm
-1
.  



































Figure 2.10. CARS ssss spectra of annealed PVC films with 0 wt%, 5 wt%, 10 wt%, 25 
wt% and 65 wt% DEHP after exposure to glow discharge plasma. 
 In contrast, SFG spectra collected from the 65 wt% DEHP sample surface after plasma 
treatment are similar to those before plasma treatment. This means that plasma treatment does 
not substantially alter surface DEHP structure, similar to what was observed from the non-
annealed samples. Compared to the other plasticized samples, the 65 wt% samples contain more 
DEHP, and therefore the surface DEHP layer must be much thicker such that plasma treatment 
could not expose bulk PVC to the surface.  CARS spectra demonstrate no change in bulk 




2.3.6 Analysis of Surface Hydrophilicity Changes with Contact Angle Goniometry 
To substantiate the SFG results, contact angle measurements were obtained for the pure 
PVC and 25 wt% DEHP samples.  Table 2.1 displays the water contact angles on annealed, non-
annealed and plasma-treated films.  With water contact angle goniometry, a higher contact angle 
indicates an increase in surface hydrophobicity.  Before plasma treatment, non-annealed films 
demonstrate an increase in contact angle after 25 wt% DEHP has been added to the plastic.  This 
highly suggests that the hydrophobic methyl groups of the plasticizer are present on the surface, 
which is well correlated to SFG data, where on the surface of non-annealed PVC with 25 wt% 
DEHP, the SFG signal is dominated by DEHP CH3 groups.  In addition, the contact angles on 
annealed and non-annealed pure PVC surfaces exhibit differences, and SFG spectra show 
spectral differences after annealing. The annealed and non-annealed PVC with 25 wt% DEHP 
samples generate similar SFG spectra, showing similar surface structure and the water contact 
angles on these two surfaces are also similar.   
Both annealed and non-annealed films (pure PVC and PVC with 25 wt% DEHP, Table 
2.1) demonstrate changes in contact angle after plasma treatment. Recall the SFG spectra of 
annealed and non-annealed pure PVC changes after plasma treatment with an increase or 
decrease in the 2920 cm
-1
 peak, respectively, due to the orientation change of CH2 groups versus 
the surface normal. The major contact angle decreases for both annealed and non-annealed pure 
PVC after plasma treatment are more likely induced by increased oxygen content on the surface 
rather than CH2 orientation.  The annealed PVC sample containing 25 wt% DEHP also generates 
a very different SFG spectrum after the plasma treatment. However, the non-annealed PVC with 
25 wt% DEHP loading exhibits a similar spectrum before and after treatment, and their contact 
angles have the least difference of all samples after plasma treatment.  Again, the contact angle 
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decrease measured here is likely due to oxygen deposition which has been observed after plasma 
treatment in literature
76
 but could not be confirmed solely using the SFG spectra detected in the 
C-H stretching frequency region. This hypothesis was further tested using XPS, as outlined 
below.  
 
Table 2.1. Water contact angles for plastic films with varying percent loadings of DEHP 
before and after exposure to glow discharge plasma 
 
 
2.3.7 Analysis of Chemical Content and Bonding Changes with XPS 
XPS spectra were collected at bonding energies near the O 1s peak, Cl 2p peak, and the C 
1s peak signals for two sample types: the non-annealed PVC films and the non-annealed 25 wt% 
DEHP films both before and after plasma treatment, as shown in Figure 2.11.  Before plasma 
treatment, on the non-annealed PVC surface, almost no O 1s signal can be detected but both the 
C 1s and Cl 2p peaks are clearly visible. In addition, there is a doublet formation on the C 1s 
peak.  This indicates that there are two forms of carbon present (or two different types of carbon 
bonds). The carbon bonded to a more electronegative element yields a peak center at a higher 
bonding energy and thus the appearance of the peak doublet could be representative of both the 
carbon of CCl bonds in PVC and the carbon bonded to hydrogen atoms in the PVC CH2 group. 
For the PVC surface with 25 wt% DEHP loading, the O 1s signal can be clearly detected (Figure 
2.11). Since our SFG results indicated that on this surface DEHP dominates, which contains 
C=O groups, our SFG and XPS data are well correlated 
Water Contact Angle Results for Films 
 
Non-Annealed Annealed 
PVC 25 wt% DEHP PVC 25 wt% DEHP 
Before Plasma  ~80-82 ̊ ~88 ̊ ~86 ̊ ~86-87 ̊
After Plasma  ~52-54 ̊ ~63-66 ̊ ~52-53 ̊ ~48-50 ̊
 
Figure 2.11. Fit XPS spectra for O1s, Cl 2p & C 1s in PVC films and PVC films plasticized 
with 25 wt% DEHP before and after ex
After plasma treatment, t
on the surface of PVC and plasticized PVC with 25 wt% DEHP were confirmed 
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posure to glow discharge plasma






spectra.  The intensity ratio of the O 1s peak vs. the C 1s peak increases substantially for both 
PVC and 25 wt% DEHP plasticized PVC after plasma treatment as can be seen in Table 2.2.   
Table 2.2 XPS peak area ratios calculated for elements in PVC and plasticized PVC films 
before and after exposure to glow discharge plasma. 
Peak Area Ratios 
PVC Cl 2p/C 1s 0.41 O 1s/C 1s N/A 
Cl 2p/C 1s After Treatment 0.30 O 1s/C 1s After Treatment 0.17 
DEHP 25 wt% Cl 2p/C 1s 0.39 O 1s/C 1s 0.023 
Cl 2p/C 1s After Treatment 0.20 O 1s/C 1s After Treatment 0.22 
 
In contrast, the intensity ratio of the Cl 2p peak decreases with respect to the C 1s peak 
after plasma treatment.  In addition, after plasma treatment the lower bonding C 1s energy peak 
(C of CH2) is more intense than the higher bonding C 1s energy peak (C of CHCl), whereas 
previously the higher bonding energy peak is of greater intensity.   This C 1s peak shape change 
also suggests that chlorine removal occurred. Finally, the appearance of a third C 1s peak 
suggests a new form of carbon bonding is present after plasma treatment, perhaps due to new 
bonding between C and O on the surface.  Therefore, XPS data can help to interpret the contact 
angle decrease reported in the previous section and can be correlated to the SFG spectral changes 
as well.  
2.4 Conclusions 
In this Chapter, the surface properties and molecular content of PVC and plasticized PVC 
films were characterized in situ using SFG for the first time, giving us a much broader 
understanding of surface phthalate availability and molecular behaviors on plastics.  The effects 
of annealing PVC plastics and applying glow discharge plasma treatment were analyzed at a 
molecular level using SFG and CARS.  SFG spectra revealed that DEHP is present on lab-
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synthesized film surfaces at low concentrations and CARS spectra revealed there is a difference 
between molecular signatures on surfaces compared to the bulk of the film, indicating that the 
distribution of phthalates is different on the surface than over the majority of plastic.  SFG and 
CARS data also revealed annealing facilitates the surface segregation of DEHP. After annealing, 
DEHP molecules dominate the surface even if only 5 bulk wt% of DEHP was added to PVC.  
Annealing also seems to affect the bulk structure of PVC that contain substantial amount of 
plasticizers as revealed by CARS.   
From a realistic perspective, some of the annealing results are a bit surprising.  It is well 
known that the non-covalently bound phthalates will migrate out of PVC plastics over years, and 
that the addition of heat to these plastics will accelerate plasticizer leaching.  However, these 
materials almost always have a phthalate concentration much higher than 5 wt%.  Our results 
indicate that even though the percentage of phthalate in the PVC plastic is small, it is likely that 
surface DEHP molecules will be present increasing numbers as the plastic ages. 
In addition to evidence of leaching after annealing, spectral data revealed interesting 
chemical changes to PVC plastics exposed to plasma.  SFG revealed some bond breaking and 
molecular surface rearrangement when PVC was exposed to plasma but the vibrational 
signatures of plasticizer methyl bonds remained similar before and after plasma exposure.   
CARS signals remained the same after the plasma treatment, indicating that the plasma treatment 
only affects surface structures. Because the entirety of surface chemical reactions could not be 
explored using SFG and CARS signals in the C-H stretching frequency range, we applied XPS 
and contact angle measurements to substantiate our data. The contact angle results suggest the 
addition of hydrophilic groups to the film surface after plasma treatment.  XPS results indicate 
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chlorine is extracted from PVC chains and new surface bonds or functionalities were formed 
containing oxygen after the plasma exposure.   
To evaluate the effectiveness of a plastic leaching treatment, the success in preventing 
plasticizer leaching at a macroscopic level must be weighed against any detrimental effects to the 
plastic itself. The intention of leaching treatments is to maintain the desired physical properties 
of a plastic by preventing loss of the molecules that provide plastic flexibility and pliability.    
Thus, by understanding the molecular level chemical and structural changes induced by leaching 
treatments, we can help predict which treatments may be most effective for PVC materials.  
Lastly, this work demonstrates SFG and CARS can successfully be applied to observe molecular 
changes from a surface-sensitive chemical reaction, giving us a platform to study surface and 
bulk molecular changes of plastics exposed to different chemical environments where traditional 
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SURFACE AND BULK CHANGES OF PLASTICIZED PVC FROM 
ENVIRONMENTAL UV LIGHT EXPOSURE 
3.1 Background and Motivation  
This Chapter studies the molecular changes of phthalate plasticized poly(vinyl chloride) 
(PVC) thin films due to long and short wave UV exposure. Surface technique SFG was utilized 
to determine molecular ordering and content changes on PVC films after UV exposure.  SIMS 
data complemented SFG data, confirming the identity of surface products formed on the plastics.  
The molecular changes throughout the majority of the plastic were determined using select 
analytical techniques, and compared to the surface molecular changes to identify competing 
chemical reactions within the plastic matrix.  Lastly, a degradation scheme for phthalate 
molecules exposed to short wave UV light was devised.  The results from this Chapter have been 
adapted with permission from: Hankett, J.M.; Collin, W. R.; Chen, Z. “Molecular Structural 
Changes of Plasticized PVC after UV Light Exposure” J. Phys. Chem. B 2013, 117, 16336-
16344, Copyright 2013 American Chemical Society. Figure 3.6 has been published in the 
supplemental information file of: Hankett, J.M.; Welle, A.; Lahann, J.; Chen, Z. “Evaluating 
UV/H2O2 Exposure as a DEHP Degradation Treatment for Plasticized PVC” J. App. Polym. Sci. 
2014, 131, 40649 (1-10), Publisher John Wiley and Sons, Copyright Wiley Periodicals, Inc. 
2014, and used with permission as well. 
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An understanding of molecular-level changes of PVC plastics from UV exposure is 
desirable since PVC products are often used under UV light, due to their macroscopic durability 
compared to other plastics.  This underlying stability, involving extremely slow degradation 
processes, is highly desirable during the plastic’s use under harsh chemical environments.  
Phthalate plasticized PVC materials may be exposed to sunlight or UV lights for polymer curing 
or disinfecting/germicide in areas including but not limited to the medical industry, academic or 
industrial laboratories, the common household, and across a wide gambit of industrial settings.
1-5
  
However, while the macroscopic integrity of PVC plastic may remain for years after exposure to 
UV light, the plastic contents and structure may change at a molecular scale, and thus, the 
interactions of plastics with the surrounding environment may change. 
Previous to this research, little was known of the microscopic behaviors of plasticizer and 
plastic molecules on plastic surfaces as compared to the bulk after harsh conditions like UV 
exposure.
4
  Understanding such molecular behaviors gives us key insights into how plastic 
surfaces can be altered even if macroscopic changes from compounded chemical reactions are 
not observable. As stated previously in this thesis, phthalates are known rodent endocrine 
disruptors, suspected marine toxins and suspected human carcinogens and toxins.  Thus it is of 
vital importance to understand the molecular behaviors of plasticized PVC at surfaces and 
observe how UV light may change the potential for exposure to such molecules.
3,6-11
 In addition, 
the molecular structure of phthalates aid in separating PVC chains for plasticizing purposes but 
are highly susceptible to degradation under harsh environmental conditions. 
12
 The ester linkage 
connecting the alkyl chains to the phenyl ring can readily undergo radical reaction.  Cleavage of 
this linkage may yield a variety of different products and would ultimately eliminate the 
plasticizing effect of this molecule.  
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Because bulk analytical studies have been performed to examine the degradation of pure 
PVC plastics or pure phthalate due to UV light but typically require ex situ analyses, either 
through the form of sample destruction or analysis under non-standard conditions, we believe 
this study aids in closing an important information gap on the molecular content and structural 
changes of plastic surfaces from UV exposure. 
13-22
  Previous studies also often included 
photocatalysts purposely designed to degrade plastic components and do not study effects solely 
from UV exposure
15-17,22-29
.  Even fewer bulk analysis studies have been performed on the 
photodegradation of plastic/phthalate plasticizer matrix rather than separated components,
30-33
 
leaving many questions about the molecular changes in UV irradiated PVC bulk unanswered.  
Consequently, the molecular-level effects of short and long wave UV on DEHP in plastic were 
not well understood.  To the best of our knowledge, no study previously existed that probed UV-
exposed phthalate-plasticized PVC at the molecular level in air using a truly surface sensitive 
technique.  Reported here is a study on both the surface and bulk molecular behaviors of 
plasticizing phthalates before and after exposure to UV irradiation.  A battery of carefully chosen 
surface sensitive and bulk analytical techniques were applied to better understand the effects of 
UV on plasticizing phthalate molecules at an air interface and throughout the plastic.  Once 
again, this study utilizes bis-2-ethyhexyl phthalate (DEHP) to plasticize the PVC materials.  As a 
refresher, the molecular structures of PVC and DEHP are shown in Figure 3.1.  
 
Figure 3.1. Molecular structures of di-2-ethylhexyl phthalate (DEHP) (left), and poly(vinyl 




In this Chapter the molecular structural changes in and on PVC films with 0, 10 and 25 
wt% DEHP due to exposure to 254 nm short wave or 365 nm long wave UV are analyzed.  
These wavelengths are commonly used for germicidal applications and polymer/epoxy curing, 
respectively and are also wavelengths present in sunlight.  We utilized SFG to probe the surface 
of the films non-destructively.  In addition, we determined the hydrophilicity changes on film 
surfaces after UV exposure with contact angle goniometry (CA).  To probe molecular changes in 
the bulk of the plastic, Fourier transform infrared spectroscopy (FTIR) was used, as well as high 
performance liquid chromatography coupled with mass spectrometry (HPLC/MS) using a novel 
plasticizer extraction method, and gel permeation chromatography (GPC).  
3.2 Experimental Methods 
3.2.1 Materials 
Poly(vinyl chloride) (Mw 62,000; Mn 35,000) in pellet form, tetrahydrofuran (THF) 
≥99.9% purity, concentrated sulfuric acid (reagent grade) and potassium dichromate were 
purchased from Sigma Aldrich (St. Louis, MO).  Bis 2-ethylhexyl phthalate (analytical standard) 
was obtained from Fluka (St. Louis, MO), and acetonitrile (99.9% purity, HPLC grade) was 
purchased from Acros Organics (Pittsburg, PA). 
3.2.2 Sample Preparation 
3.2.2.1 General Sample Preparation 
Fused silica windows (ESCO Products, Inc.) used for SFG measurements were 
sequentially cleaned using a concentrated sulfuric acid bath saturated with potassium dichromate 
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overnight, rinsed with deionized water, dried under nitrogen gas, and then further cleaned by 
exposing windows to a glow discharge air plasma for 4 min using a PE-50 series Plasma System 
(Plasma Etch, Inc.) to remove any remaining organic material before sample preparation.  For 
FTIR experiments, calcium fluoride windows (ESCO Products, Inc.) were used as substrates. 
Calcium fluoride windows were first soaked in THF and then cleaned using a dilute Alconox 
soap solution, rinsed with Milli-Q deionized water, dried under nitrogen gas, and further cleaned 
with the same glow discharge plasma as previously mentioned. Glass slides used for contact 
angle measurements and plasticizer extraction were dusted with nitrogen gas and also plasma 
cleaned before sample preparation. 
PVC pellets were dissolved in THF (weight ratio of THF:PVC = 30:1) to prepare the 
PVC-based thin films.  DEHP was added by weight percent to PVC.  Solutions were mixed using 
a vortex mixer (Vortex-Genie 2T, Scientific Industries Inc.) until clear.  Sample films of ~200 
nm thick were spin coated at 3000 rpm for 30 s on silica windows, calcium fluoride windows, or 
glass slides using a P-6000 spin coater (Speedline Technologies).   
3.2.2.2 UV Treatment for SFG Spectral Analysis 
SFG spectra were first collected from PVC or PVC/DEHP thin films deposited on fused 
silica as reference spectra in air.  Films were placed in a blacked out chemical hood and exposed 
to either a 60 watt short wave UV (254 nm) lamp (Cole Palmer, Inc.) at about 30 cm from the 
film surface (I = 53 W/m
2
) or a 100 watt long wave UV (365 nm) lamp (Ted Pella, Inc.) at about 
30 cm from the film surface (I = 88 W/m
2
) for 30, 60, 90, or 300 min.  After UV exposure, SFG 
spectra were obtained again at the air interface.   
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3.2.2.3 Notes about Intensity of UV Applied to Materials Compared to Sunlight 
While the intensities of the UV lamps used in this and the following chapter’s studies are 
comparable to intensities used in laboratories and industrial settings for photoactivation and/or 
germicidal applications, they are more intense than natural sunlight.  Natural UV at ground level 
consists of about 3% of the sun’s total irradiance since the emission of light is essentially 
blackbody radiation.  Therefore, when the sun is at zenith, the total amount of UV (100 nm-400 
nm) irradiance is about 32 W/m
2
 or less, according to the American Society for Testing and 
Materials (ASTM) Terrestrial Reference Spectra for Photovoltaic Performance Evaluation 
(Document ASTM G-173-03 can be found online free of charge to the public).  In contrast, our 
lamps irradiate at 53 or 88 W/m
2
 at a single wavelength.  Thus the samples would need to be 
exposed to sunlight for much longer times in order to receive the same number of photons from a 
given treatment time via UV lamp. 
3.2.2.4 Sample Preparation and Extraction for HPLC/MS Analysis 
A novel sample preparation and extraction method was developed to analyze pure 
plasticizer and plasticizer reaction products via HPLC/MS.  25 wt% DEHP films were spin 
coated on glass slides, which were first cut to 1 cm x 1.5 cm and plasma cleaned on both sides.  
After spin coating, the bottom of the glass slides were wiped off with ethanol using a Kimwipe 
and placed on plasma cleaned 2.54 cm x 7.62 cm glass slides in preparation for UV treatment.  
Twenty-eight samples each were exposed to long or short wave UV for 300 min.  To extract 
DEHP and related compounds, fourteen slides exposed to short wave UV were immersed in ~5 
ml acetonitrile for 30 min.  After immersion, these slides were removed and the remaining 
fourteen slides were immersed for 30 min in the same 5 ml solution.  The top half of this solution 
was removed by glass pipette and placed in a glass vial for HPLC injection.  As a standard, 2.5 
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wt% pure DEHP was added to acetonitrile, mixed with a vortex mixer and further diluted for 
injection. The same procedure was used for the twenty-eight samples exposed to the long wave 
UV. 
3.2.2.5 Sample Preparation and Reactions for GPC Analysis 
Pure PVC was dissolved by THF in a 20 mL glass vial in the same manner as other 
experiments.  The THF was evaporated from PVC by a stream of nitrogen gas for about 30 min, 
leaving a thin (on the order of microns) film of PVC on the bottom of the vial.  The open vial 
was placed under long or short wave UV lamps for 300 min.  After 300 min the vial was 
removed from UV light and the PVC was re-dissolved in THF at the same concentration as 
regular sample preparation methods.  As a control, pure PVC was dissolved in THF in the same 
vial type and used for injection without any UV exposure.  
3.2.3 Instrumentation 
3.2.3.1 FTIR 
A Nicolet 6700 FTIR spectrometer was used to study bulk structures of plastic films 
before and after UV exposure.  The FTIR sample stage was purged with nitrogen gas prior to and 
during the data collection procedure.  Spectra were obtained of pure PVC and 25 wt% DEHP 
films spin coated on calcium fluoride windows from 400 cm
-1
 to 4000 cm
-1
 before UV exposure 
and after 1 h or 5 h of short or long wave UV exposure.  The spectra were corrected for 







SFG has been widely applied to gather molecular level information on molecular changes 
of a variety of polymers at interfaces including air, water, and other buried interfaces.
34-45 
The 
details of SFG theory and setup have been extensively outlined in previous papers from our lab
46-
49
  and in the introduction section of this thesis.  The SFG experiments conducted for this 
Chapter were taken using the ssp (s-polarized signal, s-polarized 532 nm input beam and p-
polarized tunable frequency IR input beam) polarization combination in face-down geometry.  
All SFG spectra were obtained at the same visible beam power.   
3.2.3.3 HPLC/MS 
HPLC/MS analyses were performed on an Agilent 1200 LC coupled to a G2710AA 
MSD, running the following ACN:H2O:AcOH gradient on a Phenomenex Gemini 3µ C18 110A 
50 x 2mm column at 0.4 ml/min: 0-4min: 0-100%B; 4-9min: 100%B; 9-15min: 0%B; where  A 
is 90:10:0.1 H2O:MeOH:AcOH and  B is 10:90:0.1 H2O:MeOH:AcOH. The analyte injection 
volume was 2.0 µL.  HPLC-MS was conducted by Dr. Paul Kennedy at Cayman Chemical Co., 
Ann Arbor, MI. 
3.2.3.4 GPC 
GPC analyses were performed using THF as a solvent on a Waters 440 system equipped 
with Waters Styragel columns (7.8 x 300, HT 0.5, 2, 3, 4) with RI detection using a Waters 2410 
refractometer. The system was calibrated using polystyrene standards and toluene as reference.  
Data analysis was performed using GRAMS32 version 6.0 (Thermo-Scientific, Pittsburgh, PA).  
GPC was conducted by Phi Doan at the University of Michigan. 
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3.2.3.5 UV-Vis  
UV-Vis spectra were obtained on a UV-1601PC UV-Vis Shimadzu Spectrophotometer.  
Thin plastic films were formed on the insides of quartz cuvettes by pipetting ~1 mL plastic 
solution inside the cuvettes using a glass pipette and pouring excess solution out.  For the thin 
film preparation, the plastic solution procedure was identical to the method stated in the 
experimental section of this Chapter.  The cuvettes were rinsed with ethanol and Millipore 
deionized water several times, dried with nitrogen gas, and then cleaned via plasma for 3 min 
prior to film preparation.  For these experiments, one quartz cuvette was subjected to 5h 254 nm 
UV exposure in an identical manner to the UV experiments outlined previously.  Clean quartz 
cuvettes were used as a background for all UV-Vis measurements.  Special thanks are given to 
the members of the Gafni lab at the University of Michigan for allowing us use of and help with 
their UV-Vis instrument.  
3.3 Results and Discussion 
3.3.1 Surface Analysis Results 
3.3.1.1 25 wt% DEHP Before UV Exposure 
Similar to previous results in Chapter 2, the surface of plasticized PVC with 25 wt% 
DEHP was analyzed with SFG (Figure 3.2).
34
 The result again shows the dominating methyl 
group signatures at 2880 cm
-1
 (CH3(s)) and 2945 cm
-1
 (Fermi resonance) and a shoulder peak at 
2860 cm
-1
 (CH2(s)), all of which are associated with the DEHP molecule.
34,50
 Again, the shoulder 
peak at 2915 cm
-1
 can be observed and corresponds to the CH2(s) of PVC.  This CH2(s) peak can 



















Figure 3.2. SFG ssp spectra collected from plasticized PVC with 25 wt% DEHP before and 














































































Figure 3.3. SFG ssp spectra collected from PVC before and after 30 min, 60 min, 90 min, or 
300 min of short (left panel) versus long (right panel) wave UV exposure. 
3.3.1.2 25 wt% DEHP After Short Wave UV Exposure 
SFG spectra collected from PVC with 25 wt% DEHP after 30, 60, 90 and 300 min of 
short wave UV exposure can be found in Figure 3.2.  After 60 min of short wave UV exposure, 
an obvious increase in intensity of the PVC CH2(s) peak at 2915 cm
-1
 compared to the DEHP 
CH3 peaks at 2880 and 2945 cm
-1
 can be observed.  After 300 min, the PVC CH2(s) signal 
dominates the spectrum, with comparatively small peaks present between 2840 cm
-1
 and 2880 
cm
-1
 and a small shoulder at 2940 cm
-1
.  These spectral changes suggest the surface of the plastic 
dramatically changed after short wave UV exposure, likely due to reactions on the surface. The 
loss of CH3 signals can be attributed to either DEHP-reacted surface molecules, the removal of 
DEHP, or a combination thereof, but SFG data alone cannot differentiate such possibilities. 




























































To generate information on the surface energy changes of the plastics from UV exposure, 
experiments using contact angle goniometry were conducted before and after short wave UV 
exposure. In the top panel of Table 3.1, water contact angles of PVC, 10 wt% DEHP films and 
25 wt% DEHP surfaces before and after 1 h or 5 h exposure to short wave UV are given.  In turn, 
the bottom panel shows contact angles of PVC, 10 wt% DEHP films and 25 wt% DEHP surfaces 
before and after 1 h or 5 h exposure to long wave UV. The contact angle data indicated that the 
changes in SFG signals were not due to complete removal of DEHP surface molecules.  After 60 
min of UV exposure, the measured contact angle decreases from 86° to 79-80°, indicating the 
surfaces of the films became more hydrophilic, at a slightly lower contact angle than that of pure 
unadulterated PVC.  After 5 h of exposure the contact angle further decreases to 70-71° as can be 
observed in Table 3.1.  If the DEHP molecules were simply removed and pure PVC was 
exposed, the contact angle would likely return to that of pure PVC (80-81°).  We can also 
observed in Table 3.1 that the contact angle decreases even lower than pure PVC after 300 min 
of UV exposure (77-79°).   
Table 3.1. Water contact angle measurements before and after UV exposure 
Short Wave  PVC 10 wt% DEHP 25 wt% DEHP 
Before 80-81° 86-87° 86-87° 
After 1 h 80-81° 82-84° 79-80° 
After 5 h 77-79° 74-75° 70-71° 
 
Long Wave  PVC 10 wt% DEHP 25 wt% DEHP 
Before 80-81° 86-87° 86-87° 
After 1 h 80° 85-86° 85-86° 




3.3.1.3 25 wt% DEHP After Long Wave UV Exposure 
The SFG results after long wave UV exposure are much different from those after short 
wave UV exposure (right panel, Figure 3.2).  No detectable changes were observed in the spectra 
from 30 min to 300 min of exposure, suggesting neither occurrence of major reactions, nor 
changes of PVC or DEHP molecular surface ordering.  Water contact angles on the 25 wt% 
DEHP samples show virtually negligible surface hydrophobicity changes after 300 min of long 
wave UV treatment (Table 3.1). 
3.3.1.4 10 wt% DEHP Before UV Exposure 
As previously shown in this thesis, the SFG spectrum collected from the 10 wt% DEHP 
sample contains strong signals significant of both PVC at 2915 cm
-1 





 (Figure 3.4), indicating that both PVC and DEHP molecules are present on the 
surface.  The water contact angle on this surface is slightly higher than pure PVC, at 84-85° 
(Table 3.1).  
3.3.1.5 10 wt% DEHP After Short Wave UV Exposure 
After 60 min of short wave UV exposure to PVC with 10 wt% DEHP (left panel, Figure 
3.4), trends in SFG signal changes are similar to those found with PVC containing 25 wt% 
DEHP are found.  The ratio of the intensity of the PVC CH2(s) peak compared to the intensity of 
the DEHP-associated peaks increases from 60 min to 90 min, and again at 300 min.  After 300 
min of UV treatment, very little signal associated with DEHP remains, suggesting that almost all 
DEHP molecules may have been reacted and/or removed from the surface. The water contact 
















Figure 3.4. SFG ssp spectra collected from plasticized PVC with 10 wt% DEHP before and 
after 30, 60, 90, or 300 min of short (left panel) versus long (right panel) wave UV exposure. 
 
We previously demonstrated that the increased addition of bulk DEHP to PVC from 10 
wt% to 25 wt% also increased the number of DEHP molecules on the surface. Knowing that 
piece of information and that the water contact angle on the 25 wt% sample after UV exposure 
was lower than the 10 wt% sample, we believe that the UV induced reaction products from 
DEHP on the surface must increase the surface hydrophilicity.  If the surface of the 10 wt% 
sample contained a lower surface concentration of DEHP molecules than the 25 wt% sample 
before UV exposure, likely there would be fewer UV induced reaction products on the 10 wt% 
sample, in agreement with contact angle changes.  In addition, virtually no CH3 groups were 
observed after 5h of short wave UV treatment on the 10 wt% sample, while some DEHP CH3 























































signatures remained for the 25 wt% sample, suggesting not all DEHP molecules on the 25 wt% 
sample were reacted, while the majority of DEHP molecules on the 10 wt% sample reacted.   
3.3.1.6 10 wt% DEHP after Long Wave UV Exposure 
Once again long wave UV exposure appears to have very little effect on the CH groups of 
DEHP and PVC.  The SFG spectra remain similar before and after UV exposure up to 300 min 
(right panel, Figure 3.4). The spectral features remain similar, and the relative peak intensities 
vary only slightly. In addition, the water contact angles are similar on the sample surface after 60 
min or 300 min of UV treatment (again contact angles only change 1-2°), suggesting that the 
majority of DEHP molecules remain intact on the surface.   
3.3.1.7 Pure PVC in Air 
To recap the characteristic SFG spectra signature of PVC, two peaks can be clearly 
resolved in ssp polarization combination.  The dominating signal at 2915 cm
-1
 is associated with 
the CH2(s) stretch and the much smaller, broad peak at 2880 cm
-1
 is associated with the CH3(s) 
chain end groups.   
3.3.1.8 Pure PVC after Short Wave UV Exposure 
SFG ssp spectra of PVC after short wave UV exposure can be observed in the left panel 
of Figure 3.2.  Spectral changes can be observed after 30 min of UV exposure, with decreased 
intensity of the CH3(s) peak compared to the CH2(s) peak.  The ratio of peak intensities 
continues to decrease over increasing exposure time, with only the CH2(s) peak observed after 
300 min of exposure.  There are a few possibilities as to why the spectral changes may have 
occurred.  Mainly, the CH3 groups could have become completely disordered, removed, or 
reoriented such that they lie flat on the surface.  It is highly likely that the CH3 groups may have 
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been reordered and/or removed due to radical chemical reactions involving either crosslinking or 
minor chain scission.  Evidence of such reactions will be presented later.  The overall intensities 
of the signals decrease after increased short wave treatment times as well, suggesting there is 
either a higher degree of disorder among molecular groups in the C-H stretching vibrational 
range or that there are fewer of these C-H groups on the surface.  In addition, a decreased contact 
angle from 81° to 78° suggests a slight increase in surface hydrophilicity after UV exposure.  
This increase in hydrophilicity was likely due to the molecular changes of C-H groups as well as 
increased oxygen content, as the 254 nm wavelength emitted from the lamp forms oxygen 
radicals in air.  The combination of noted increase in hydrophilicity and decrease in SFG signal 
intensity is also highly indicative of increased C-H disorder on the surface. 
3.3.1.9 Pure PVC after Long Wave UV Exposure 
Figure 3.2 displays SFG spectra of pure PVC after long wave treatment.  Similar to the 
short wave treatment, a decrease in the ratio of CH3(s) to CH2(s) intensities can be observed with 
as little as 30 min of exposure.  However, this trend in signal decrease does not continue to the 
same extent.  After 300 min of UV exposure, there is further decrease in this ratio, but, unlike the 
samples exposed to short wave UV light, the CH3 signal does not completely disappear.  This 
may suggest that whatever mechanism results in the disappearance of CH3 signals from short 
wave UV occurs to a lesser extent with long wave UV.  Similar to signals after short wave UV 
treatment, the SFG overall signal intensities decrease with increasing reaction times, again 
indicating either fewer CH groups are left on the surface or that they are more disordered.  
Additionally, there are no major differences between contact angles before and after treatment.  
This is supportive evidence that the surface of this film did not change as much as those exposed 
to short wave UV.   
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In summary, examining the surface information obtained from all three sample types, it is 
obvious that short wave UV induces greater surface changes for both PVC and DEHP than long 
wave UV.  In addition, we can surmise that DEHP is affected more by short wave UV than PVC 
is, with more dramatic changes in SFG signals and greater decreases in water contact angle after 
UV exposure in comparison. 
3.3.2 Bulk Analysis Results 
To complement surface analysis results and generate a much more well-rounded picture 
on the molecular effects of long and short wave UV on the surface and majority of phthalate 
plasticized PVC films, FTIR, HPLC-MS and GPC results were obtained of all three sample 
types.   
3.3.2.1 FTIR of Pure PVC 
FTIR spectra of 25 wt% DEHP and pure PVC films before and after 60 min or 300 min 
of short or long wave UV exposure are found in Figure 3.5.  In the pure PVC panel, we can see 
that short wave UV induces a decrease in intensity across the CH vibration region (2800-3000 
cm
-1
), which is more dramatic with increased UV exposure times from 1 h to 5 h.  In more detail, 
there is a noted decrease in signal intensity from 2840 cm
-1
 to roughly 3000 cm
-1
, which contains 









 There is also an increase in signal intensity 
of a C=O stretch at 1725 cm
-1
 with increased reaction time.  This peak is not present in pure PVC 
before UV exposure. The exact nature of the increase in C=O bonds cannot be determined 
directly from the FTIR spectrum, but it is likely caused by oxygen radicals reacting with carbon 

















Figure 3.5.  Left panel: FTIR data of PVC with 25 wt% DEHP before (black) and after 1 h 
(red) and 5 h (blue) UV exposure.  Right panel: FTIR data of PVC before (black) and after 
1 h (red) and 5 h (blue) UV exposure.  The top row contains data obtained after short wave 
UV exposure, the bottom row from long wave UV exposure. 
 
In comparison, the FTIR spectra of PVC after long wave exposure do not change nearly 
as dramatically as with short wave UV treatment.  There are smaller decreases in signal intensity 
in the C-H region from 2840 cm
-1
 to 3000 cm
-1
, and no observable formation of a peak at 1725 
cm
-1
.  The observed changes in C-H vibrational resonances may be due to a number of chemical 
reactions including crosslinking, scission, or scavenging and removal of C-H bonds due to 
radical reactions.  Similar to the results found with SFG and contact angle measurements, it 
appears both long and short wave UV induce minor chemical reactions involving C-H groups, 
but short wave UV induces much greater molecular changes overall than long wave UV.   
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3.3.2.2 FTIR of 25 wt% DEHP 
After PVC with 25 wt% DEHP has been exposed to short wave UV, dramatic FTIR 
spectral bulk changes can be found across both C-H and C=O stretching frequency ranges which 
increase from 1h to 5 h of exposure (Figure 3.5).  Decreases in the intensities of signals in the 
lower frequency range are of special interest, including decreases at 1027 and 1127 cm
-1
, which 
have been previously assigned in literature to the aromatic O-CH2 group of DEHP, 1280 cm
-1
, 
which has been assigned to the conjugated aromatic ester COO group of DEHP, and 1462 cm
-1
, 
which is associated with an aromatic C=C stretch.  There is evidence that some aromaticity 
remains in molecules located in these films. However, the unchanged peak at 1428 cm
-1
 indicates 
that some phenyl rings remain intact.
53
  There is also a dramatic decrease in intensity and 
broadening of the 1725 cm
-1
 C=O stretch, which indicates not only that the number of C=O 
groups decreased dramatically, but that the neighboring chemical environment surrounding the 
C=O bonds changed; there are multiple different environments surrounding the bond.  Lastly, 
there are significant decreases in intensity across the C-H region of spectra, indicative of C-H 
bond elimination through radical attack.  
Collectively the FTIR spectral changes indicate that short wave UV exposure results in 
degradation of DEHP molecules.  Cleavage of the aromatic ester bond occurs, which removes 
the alkyl chain “legs” of DEHP, thus forming smaller molecules.  It is likely that radical 
reactions led to the formation of phthalic acid.  Evidence for this can be seen in the wide C=O 
stretching peak, which is observed in FTIR reference spectra of phthalic acid.  Further possible 
reaction products include phthalic anhydride, phthalic monoesters, and phthalate-related 
molecules that have hydroxylated phenyl rings.  It is unlikely, simply due to the nature of these 
radical reactions, that only one product type was formed, especially considering the FTIR spectra 
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after 5h of treatment do not indicate reaction to complete degradation of DEHP molecules.  
Unfortunately, the identity of the newly formed molecules could not be confirmed with the FTIR 
spectra alone.   
In contrast, the FTIR spectra of PVC with 25 wt% DEHP obtained after long wave UV 
exposure yield virtually no changes, with minute decreases in intensity in the C-H stretching 
frequency region of spectra and no broadening of the C=O stretching signal observed (Figure 
3.5).  This indicates the plastic chemical integrity is protected by DEHP under long wave UV 
light, since the vibrational molecular changes of the plasticized sample were far less dramatic 
than for pure PVC.  It is likely that the DEHP molecules absorb this wavelength of UV light with 
little resulting damage and reduce the amount of C-H cleavage or reaction in PVC.  The UV 
absorbance from the plastic films was quantified using UV-Vis and details regarding DEHP UV 
absorption as well as the amount of UV absorbance vs. film thickness can be found in the next 
section. Recall the DEHP molecules are highly reactive under short wave UV, much more so 
than pure PVC, which can be observed by greater UV absorbance as well as FTIR.   
3.3.2.3 UV-Vis of PVC Plastics 
To further understand the chemical changes the plasticized PVC material may undergo 
due to absorption of UV light and the subsequent bond breaking, UV-Vis spectra of 25 wt% 
DEHP films were obtained before and after 5h exposure to 254 nm UV, as shown in Figure 3.6.  
First it is important to note that before exposure, with a film thickness upwards of 200 nm on all 
sides of the UV-Vis cuvette (400+ nm total) exposed to UV, there is low UV absorbance at 254 






Figure 3.6. UV-Vis spectra of a thin film (400+ nm total thickness) of PVC with 25 wt% 
DEHP before and after 5h of exposure to 254 nm. 
After short wave UV exposure, there is a marked decrease in signal intensity in the lower 
wavelength region, from ~190 nm-250 nm, and an increase in signal intensity at about 300 nm. 
The absorbances in the low wavelength UV region are associated with the phenyl ring of DEHP 
(possibly in combination with the conjugated C=O), suggesting that after exposure the 
conjugated bond network in and around some phenyl rings are no longer intact.  In turn, there is 
an increase in absorption after reaction around 300 nm, which is associated with an increase in 
conjugation across PVC chains, strong evidence for double bond formation.  Such bonds would 
result once chlorine was abstracted from the polymer, which is expected to occur from short 
wave UV exposure and has been well documented and reported in literature.  A slight tail of 
increased absorption is also observable towards longer UV wavelengths, which can be associated 
with increased conjugation of the polymer system as well.  It is important to note that not many 
absorbance changes are observed in the longest UV wavelengths tested, and although the film 
does not absorb much long wave UV or short wave visible light, a very small amount of 
81 
 
absorption is observed at 365 nm, the wavelength utilized for our long wave UV exposure 
experiments. 
3.3.2.4 HPLC/MS of Phthalate Reaction Products 
To further identity DEHP reaction products formed from UV exposure, HPLC/MS 
experiments were performed on small molecules extracted from PVC with 25 wt% DEHP after 
300 min exposure to short or long wave UV.  The molecules were extracted from the samples 
using acetonitrile and pure DEHP added to acetonitrile was used for the standard HPLC 
chromatogram and corresponding mass spectrum of DEHP itself.  An HPLC chromatogram of 
the compounds extracted from 25 wt% DEHP after 300 min of short wave UV exposure using a 
UV detector at 210 nm can be seen in Figure 3.7.  There is a major peak at 9.2 min associated 
with pure DEHP.  The peak of interest eluted at 7.3 min, with the resulting mass spectrum of its 
contents shown at the lower half of Figure 3.7. Signals at 301.1 and 279.2 m/z have been 
identified as sodium and hydrogen adducts of phthalate monoesters, respectively.  A peak at 167 
m/z was assigned to a hydrogen adduct of phthalic acid, 149.1 m/z  to the hydrogen adduct of 
phthalic anhydride, and a peak at 181.1 m/z to a hydrogen adduct of phthalic anhydride with a 
doubly hydroxylated phenyl ring.   
It is important to note that the analysis of the obtained mass spectra in relation to proof of 
existence of molecules after reaction is not completely straight forward.  For example, the 
presence of the signal at 167.0 m/z does not by itself prove that phthalic acid was formed from 
radical reactions, as this molecule may result from in-source decay of phthalate monoester.  But 
since FTIR evidence suggests that phthalic acid was formed after 300 min of reaction time, as 
the vibrational resonance from the conjugated aromatic ester bond virtually disappeared, and we 




Figure 3.7. Top: HPLC chromatogram of extracted DEHP and DEHP related compounds 
after 5 h short wave UV treatment.  Bottom: corresponding mass spectrum of the peak at 
7.3 min in the UV chromatogram. 
The use of combined techniques indicates in fact that both the monoester and diacid were 
formed.  However, the formation of phthalic anhydride cannot be proven using mass 
spectrometry.  It is possible that the anhydride was formed under the “harsh” ESI conditions and 
may not exist at higher humidity levels, like those found in normal room temperature air.  
Finally, the evidence of phenyl ring hydroxylation at 181.1 m/z is not surprising, but it is not 
definitive proof of any dominant type of hydroxylation since there was no direct evidence of this 
molecule by FTIR or SFG.  We did observe a slight increase in intensity of a broad peak in the 
OH stretching frequency in FTIR (3300 cm
-1
 to 3700 cm
-1
, data not shown here), but it is very 
difficult to assign this broad signal increase to a phenyl ring hydroxylation. The slight increase in 
signal in this region indicates some increase in hydroxyl or water stretching, but gives no 
83 
 
indication of the surrounding chemical environment.  In addition, if some phenyl rings (but not a 
majority) underwent reactions with hydroxyl radicals, it is possible that very weak or no FTIR 
signal would be observed.  Lastly, a peak in the OH stretching frequency region would only 
appear in SFG spectra if the OH molecular groups formed some order at the air interface.  With 
varied hydroxylation across differently oriented molecules, it is not surprising that no OH SFG 
signal was observed.  Previous research on free molecule phthalate degradation by UV/catalysts 
suggests that phenyl ring hydroxylation occurs on many different molecules.
29
    
 
 
Figure 3.8. Top: HPLC chromatogram of extracted DEHP and DEHP related compounds 
after 5h long wave UV treatment.  Bottom: corresponding mass spectrum of the peak at 7.0 
min in the chromatogram. 
For comparison, the HPLC chromatogram obtained from the acetonitrile extraction of  
PVC samples with 25 wt% DEHP after exposure to 300 min of long wave UV is shown in Figure 
3.8. This chromatogram contains a much smaller peak at about 7.0 min in relation to the intensity 
of the pure DEHP peak (Figure 3.9).  When the mass spectrum of this peak is evaluated, only 
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signals associated with the phthalate monoester are observable, and there is no evidence of 
phthalic acid formation.  These results can be interpreted as due to two possible reasons: either 
phthalic acid was formed and extracted from films but in such low quantities that it could not be 
observed using the extraction/mass spectrometry technique, or that no phthalic acid was formed.  
In any case, the results found with mass spectra and HPLC chromatograms correspond to the 
results from FTIR well, indicating that more products were formed from short wave UV 
treatment than long wave UV treatment.  Finally, note that the standard HPLC chromatogram of 
DEHP has only 1 peak (Figure 3.9) with a corresponding mass spectrum that contains signals 
only associated with the DEHP molecule, showing that the plasticizer is highly pure previous to 
UV exposures.  One final note regarding the chromatographic separation of reaction products 
extracted from plastics films regards the ratio of the peak intensities.  The ratios in the individual 
HPLC chromatograms may not directly correspond to the concentration of reaction products 
compared to intact DEHP molecules, since the extraction efficiency for pure DEHP versus 
reaction products was not characterized. Therefore the chromatograms and corresponding mass 




Figure 3.9. Top: HPLC chromatogram of pure DEHP.  Bottom: corresponding mass 
spectrum of the peak at 9.4 min in the chromatogram. 
Using the bulk data obtained of the plastic films (HPLC/MS and FTIR), we can surmise a 
simplified multi-step reaction scheme for DEHP degradation under short wave UV conditions 
that yields several different kinds of stable molecular products before complete degradation to 
CO2 and water (Figure 3.10). The details in this reaction scheme will be elaborated upon in the 
next section of this thesis once surface data from time of flight secondary ion mass spectrometry 
(ToF-SIMS) of plasticized PVC films after UV/radical reactions is analyzed. 
The following is a general description of the reaction of DEHP molecules in plastic under 
short wave UV light under normal room temperature conditions.  The high energy 254 nm UV 
light generates more radicals in air than 365 nm, including ozone and OH radicals which 
contribute towards the major reactions of DEHP.  Absorption of photons of light and attack by 
OH radicals lead to the removal of one chain “leg” at a time to form monoesters.  Under dry 
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conditions, this could yield phthalaldehyde or phthalic anhydrides. However, under atmospheric 
conditions, it is much more likely that hydrates (i.e. phthalic acid) are formed.  The molecules 
formed in these first steps are relatively stable, as evidence for the existence of partially degraded 
DEHP was found with both FTIR and HPLC/MS.   
 
 
Figure 3.10. Simplified reaction scheme for DEHP degradation under 254 nm UV light. 
The generated OH radicals could attack the phenyl ring, and lead to such hydroxylation 
products as observed with HPLC/MS.  It is likely that hydroxylation occurred at all steps in the 
reaction process, although the evidence for such hydroxylation events will not be given until 
later.  Further reactions with OH radicals and ozone would lead to phenyl ring opening and 
degradation to CO2 and water.   While some of the complete degradation occurred, as evidenced 
by decreased FTIR signals over both C=O and C-H regions of spectra, it appears as though many 
molecules remained only partially degraded after 5h of exposure. Under normal atmospheric 
conditions, the formation of gas-phase ozone molecules would be highly favored over the 
formation of hydroxyl radicals.  Therefore, it is somewhat surprising that many partially 
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degraded molecules with relatively intact phenyl rings were observed with bulk techniques.  It is 
possible that many ozone reactions did occur compared to hydroxyl radical reactions but the 
products of ozonolysis are much more difficult to observe with the applied techniques.  
Extensive radical chemistry studies must be performed to concretely answer this question. 
If we then combine data analysis from HPLC/MS and FTIR and from SFG, we can 
confirm that the disappearance of CH3 signals on the surface of samples was not only due to 
molecular rearrangement, but chemical reactions as well, since we can infer that some or all of 
the products found in the bulk were present on the surface of the plastic.  Additionally, the 
formation of phthalic acid may also explain the disappearance of CH3 surface signals.  Fewer 
CH3 groups would be present on the surfaces of the plasticized PVC film after the removal of 
CH alkyl chains at the aromatic ester bond. The new reaction products likely also aided to 
increase the hydrophilicity of the plastic surfaces, which further substantiate the contact angle 
data.    
3.3.2.5 GPC of Pure PVC 
Lastly, gel permeation chromatography (GPC) was utilized to determine if major 
crosslinking or scission occurred to the bulk of the pure PVC from either short or long wave UV 
exposure.  The GPC chromatograms can be found in Figure 3.11.  The following description aids 
in interpreting the peak changes in the chromatograms: an increase in elution time after UV 
treatment indicates that the molecular weight of the polymer decreased, suggesting chain scission 
occurred.  In turn, shorter elution times indicate an increase in molecular weight, and are 















Figure 3.11. GPC chromatograms of pure PVC (black line), PVC after 5h exposure to long 
wave UV (red line) and PVC after 5h exposure to short wave UV (blue line).  
 
After fitting the GPC peaks, it can be observed that pure PVC with no exposure to UV 
gives a large peak with peak maximum at 22.9 min.  The full width at half maximum (FWHM) 
of this peak is at 2.48 min.  Once the PVC has been exposure to 5h of long wave UV, the major 
PVC peak elutes at 23.0 min, which is not a significant difference in elution time. The FWHM 
max of this peak is slightly larger, at 2.55 min. From this information we can deduce long wave 
UV does not appear to cause major changes to the integrity of the pure polymer.  The observed 
small change in peak center is not significant for a decrease in molecular weight and therefore 
this is not direct evidence of chain scission.  However, there is formation of a new peak at 37.2 
min after long wave UV which confirms that some chemical reactions did occur.  This smaller 
peak may have been the result of either minor amounts of scission yielding small sections of 
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of these smaller chains is found in the very small peaks around 35 min of pure PVC before UV 
exposure).   
Likewise, after exposure to 5h of short wave UV, we can see the formation of a small 
peak eluting at 37.1 min, once again evidence of the formation of smaller molecular weight 
molecules. The major PVC peak elutes at a similar time as the pure PVC control (22.9 min) with 
a FWHM at 2.56 min.  The slight increase in FWHM from 2.48 min may suggest a small amount 
of either chain scission or crosslinking occurred, leaving a slightly larger distribution of 
molecular weights.   
In summary, the GPC data suggest the majority of PVC did not undergo major changes in 
molecular weight after UV exposure, e.g., major destruction of chains or the formation of ultra-
high weight polymer did not occur. It is interesting that the surface vibrational spectral results 
demonstrated almost complete disappearance of CH3 signals after exposure to short wave UV 
and decreases in CH3 signal intensity after exposure to long wave UV.  Collectively this suggests 
that either the presence of oxygen had a large influence on molecular group surface ordering 
(deposition of oxygen moieties induced CH3 group disorder), or that a minor amount of PVC 
chain crosslinking occurred on the surface of films exposed to short wave UV which could not 
be detected using GPC.   
By using analytical instruments HPLC/MS, FTIR, and GPC, we were able to better 
understand what major changes occur to phthalate plasticized PVC thin films from different UV 
exposures.  In turn, surface techniques SFG and CA data yielded important information on what 
molecular changes occurred to the surface of these plastics.  Finally, combining information 
from bulk and surface techniques allowed us to hypothesize what molecular products were 




Several different analytical techniques were applied to determine the molecular changes 
on both the surface and the bulk of phthalate plasticized PVC from UV light exposure.  We 
found that the addition of DEHP plasticizer to PVC increased molecular changes on the surface 
and throughout the plastic when exposed to short wave UV, with greater increase in surface 
hydrophilicity, the removal of surface CH3 groups, and the formation of several DEHP-related 
products including phthalic acid and phthalic monoesters.  In contrast, the addition of DEHP 
under long wave UV exposure resulted in reduced molecular breakdown, with no substantial 
changes on the surface or throughout the bulk of the film, excluding a minor increase in surface 
hydrophilicity.  
From a more practical aspect, the results found in this Chapter illustrate that many 
phthalate plasticized PVC materials exposed to short wave UV light for cleaning, industrial, or 
experimental purposes, will eventually yield surfaces containing different molecules than pure 
plastic and plasticizer, even if UV absorbers have been added.  While our models utilized for 
these experiments are extremely simple with no UV absorbers or fillers, similar reactions will 
occur to fully processed plastics, albeit at a much slower rate.  As many PVC plastics are used 
for decades, it is highly likely that the surfaces (and in some cases involving clear or low density 
materials, the bulk) of these plastics undergo such reaction processes.  In addition, the molecular 
degradation of the plastic is enhanced if phthalate plasticizers are present, yielding smaller toxic 
molecules available for contact before complete carbonization of the plasticizer.   However, the 
addition of phthalates may be beneficial in protecting PVC films exposed to longer wavelengths 
of UV, as the molecules help protect the integrity of both the surface and bulk of the plastic.  Our 
experimental results are especially relevant for understanding what molecular changes occur to 
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phthalate plasticized PVC materials left out in the environment exposed to sunlight for long 
periods of time, even before we can observe physical microscopic or macroscopic changes to the 
plastics such as yellowing, major loss of elasticity, and crack formation.  In such cases we 
believe similar reaction products to those we found from short wave UV exposure will likely 
form in the bulk and surface of the plastic over a span of months to years, leaving living 
organisms susceptible to contact with phthalic acid, phthalate monoesters, and other phthalate-
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ANALYZING THE MOLECULAR LEVEL EFFECTS OF SHORT 
WAVE UV LIGHT TREATMENTS DESIGNED TO DEGRADE 
PHTHALATES IN PLASTICIZED PVC 
4.1 Background and Motivation  
The previous Chapters focused more on understanding how phthalates and plastic 
structures change from various chemical stimuli.  First, the effect of heat on the surface 
structures of PVC plastics was analyzed.  Molecular-level surface changes caused by air plasma, 
intended to reduce phthalate leaching, were deduced. Chemical changes throughout the plastic 
and on the surfaces of plastic due to exposure to long and short wave UV light were analyzed in 
depth.  In this Chapter, I move on from understanding how stimuli may affect potential exposure 
to phthalates, phthalate-related degradation products, or PVC products, to testing new UV light-
based prevention methods that we designed to reduce phthalate environmental exposure.  Once 
again, surface techniques SFG and SIMS were used to study surface phthalate degradation, and 
select bulk techniques FTIR and UV-Vis revealed how PVC and phthalates degrade within the 
layers of a thin plastic.  Results from this Chapter have been adapted with permission from: 
Hankett, J.M.; Welle, A.; Lahann, J.; Chen, Z. “Evaluating UV/H2O2 Exposure as a DEHP 
Degradation Treatment for Plasticized PVC” J. App. Polym. Sci. 2014, 131, 40649 (1-10), 
Publisher John Wiley and Sons, Copyright Wiley Periodicals, Inc. 2014. 
Due to the impending environmental and health threats that DEHP poses, the removal of 
DEHP after plastic disposal from the polymer matrix is vital.
1-17
 Surface DEHP molecules on the 
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plastic often end up in water supplies, air currents, and soils as the plasticizers slowly leach out 
from the bulk.
2,4,6,17-20
 This is especially a concern where both the utilization of phthalates as 
plasticizers and mishandling of plastic waste are common, which can be the case in developing 
countries.  In such places, plasticizer alternatives to phthalates and proper plastic disposal and/or 
recycling facilities may not be available.  Unfortunately, there currently exists no energy and cost 
efficient means to degrade plasticizers from PVC waste products and eliminate or reduce the risk 
of DEHP exposure after the plastic has been disposed of. Thus, it is of utmost importance to 
generate a means to remove as much DEHP as possible after disposal to prevent environmental 
contamination in a safe and green manner.   
The model treatment systems presented were developed for the intention of degrading 
phthalates throughout flexible clear PVC materials, which typically contain the highest weight 
percentage of phthalates of PVC products.  This includes medical tubing waste, which can often 
contain more plasticizer by weight than plastic.  The treatments may also be applied to the 
surfaces of very old PVC materials in the cases where most phthalates have already migrated to 
the surface layers of the plastic, and opaque thin film PVC products. The proposed degradation 
methods are deliberately designed to be simple, so that disposed of plastics can be simply placed 
in a designated area under short wave UV lamps before disposal or stockpiling for recycling.   
When we previously studied exposure of PVC materials to short wave UV, we found that 
DEHP rapidly degraded on the surface of the plastic and in the bulk to form products including 
mono-ethylhexyl phthalate, phthalic acid, hydroxylation of phenyl rings and complete 
breakdown of DEHP.
21
 From an environmental perspective, this demonstrates that plastics 
exposed to short wave UV over time will form surfaces containing phthalate related molecules.  
These results helped inspire the idea that if short wave UV is applied to plastics for a pre-
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determined amount of time, it may be possible to remove phthalate molecules from the surface or 
bulk almost completely.   
Additionally, previous studies have shown free DEHP molecules in aqueous systems can 
be effectively removed by treatment with UV light and hydroxyl radicals.
22-27 
 The addition of 
oxygen radicals in H2O2 was believed to increase the pseudo first order degradation kinetics of 
phthalates compared to just using UV light alone, resulting in faster bulk removal of dimethyl 
phthalate from water treatment systems.
22,27
   Therefore, I decided to test the effectiveness of 
adding aqueous phase OH radicals to the UV reaction system in degrading phthalate molecules.  
The hope here was that a higher concentration of OH radicals to the system would lead to faster 
DEHP degradation.  While using gas-phase OH radicals would likely lead to much faster 
reaction times (gas-phase kinetics versus aqueous phase), the addition of aqueous phase OH 
radicals was much simpler and less dangerous to the user.  For an end application, adding a 
liquid to plastics under a UV light in a safe ventilated enclosure would be much preferred over 
having to use a gas cylinder, not to mention, much cheaper and easier to set up.  As a result, we 
studied photochemical reaction processes in the presence of 35 wt% H2O2 as well as a UV light 
treatment.  To the best of our knowledge, this is the first time that UV and UV/H2O2 exposures 
have been studied as phthalate degradation treatments for phthalates on and within plastics. 
Therefore, the first goal of this Chapter was to evaluate the effectiveness of H2O2/UV 
systems on removing or reducing the amounts of phthalate molecules from both the surface and 
bulk of plastics in comparison to short wave UV exposure alone.  The second goal was to deduce 
how hydroxide radicals that could be present in an aqueous environment may affect plastics 
exposed to UV in an environmental setting.  
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SFG was utilized to deduce molecular-level surface changes to plastics without damage 
or disturbance to the samples.  Once again SFG experiments were performed before and after 
UV treatments.  We used SFG data to specifically gain information on molecular surface group 
type and ordering changes. In turn, time-of-flight secondary ion mass spectrometry (ToF-SIMS) 
was used to determine what stable molecules were formed on plastic surfaces after treatments.  
Since SIMS data were obtained several days after UV treatment, we were able to determine that 
all products found using SIMS were stable and persist on the surface of the plastic.  FTIR was 
utilized to obtain additional information on molecular bulk changes.   
4.2 Experimental Methods 
4.2.1 Materials 
Poly(vinyl) chloride (Mw 62,000, Mn 35,000), Tetrahydrofuran (THF) ≥99.9% purity, 
concentrated sulfuric acid (reagent grade), and potassium dichromate were obtained from Sigma 
Aldrich (St. Louis, Mo).  Bis(2-ethylhexyl) phthalate (analytical standard) was obtained from 
Fluka (St. Louis Mo).   
4.2.2 Sample Preparation 
4.2.2.1 General Sample Preparation 
Fused silica windows (ESCO Products, Inc.) were used for SFG measurements and were 
cleaned with a concentrated sulfuric acid bath saturated with potassium dichromate overnight, 
rinsed with deionized water, and dried under nitrogen gas. Then the windows were exposed to a 
glow discharge air plasma for 4 min using a PE-50 series Plasma System (Plasma Etch, Inc.) 
prior to plastic sample preparation.  For FTIR experiments, calcium fluoride windows (ESCO 
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Products, Inc.) were used instead of silica. Calcium fluoride windows were soaked in THF and 
then cleaned with a dilute Contrex soap solution, rinsed with Milli-Q deionized water, dried 
under nitrogen gas and lastly cleaned with glow discharge plasma.   For SIMS experiments, 
clean silicon wafers (Wafer World Inc., 250-300 µm thickness, (100) orientation, prime grade) 
were cut into 10x15 mm pieces and dusted off with nitrogen gas prior to film deposition.  
PVC pellets were dissolved in THF to prepare the plastic thin films.  A 30:1 weight ratio 
of THF/PVC was used for all plastic films. DEHP was added by weight percent to PVC.  
Solutions were prepared using a vortex mixer (Vortex-Genie 2T, Scientific Industries Inc.) which 
mixed components until the contents were clear.  A P-6000 spin coater (Speedline Technologies) 
was used to prepare all PVC-based films.  Samples were spin coated at 3000 rpm for 30 s on 
silica windows, calcium fluoride windows, or silicon wafers, depending upon the application.  
Film thicknesses were around 200 nm for all SFG, FTIR, and SIMS samples. 
4.2.2.2 UV Treatment for Spectral Analysis 
Sample films were placed in a chemical hood sealed from outside light sources in air and 
exposed to either a 60 watt short wave UV (254 nm) lamp (Cole Palmer, Inc.) at about 30 cm 
from the film surface (I = 53 W/m
2
) or a 100 watt long wave UV (365 nm) lamp (Ted Pella, Inc.) 
at about 30 cm from the film surface (I = 88 W/m
2
) for 30, 60, 90, 300, or 480 min.  SFG spectra 
were collected from PVC-based thin films deposited on fused silica as reference spectra in air 
before UV exposure.  After UV exposure, SFG spectra were obtained again at the air interface.  
Films spin coated on Si substrates were first placed on plasma cleaned glass slides and then 
exposed to UV light as mentioned above for 5 or 8h prior to SIMS analysis.  For samples 
undergoing UV treatment with H2O2, 35 wt% H2O2 was added by glass pipette to cover film 
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surfaces.  After UV exposure and before spectral analysis, remaining H2O2 liquid was removed 
by glass pipette. 
4.2.3 Instrumentation  
4.2.3.1 SFG 
 
As previously described, SFG has been widely applied to gain information on molecular 





details of SFG theory and experimental setup have been extensively outlined in the introduction 
Chapter of this thesis and can be found in previous publications as well.
31,39,40
 The SFG 
experiments conducted for this study were taken using the ssp (s-polarized signal, s-polarized 
532 nm input beam and p-polarized tunable frequency IR input beam) polarization combination.  
All SFG spectra were obtained at the same visible and IR beam powers.  SFG spectra in this 
paper were obtained in the C-H stretching frequency region. 
4.2.3.2 SIMS 
Time-of-flight secondary ion mass spectrometry was performed on a TOF.SIMS 5 
instrument (ION-TOF GmbH, Münster, Germany). The instrument is equipped with a reflectron 
type time-of-flight analyzer and a Bi cluster liquid metal ion source. Short primary ion pulses (<1 
ns) of Bi3
+
 with an energy of 25 keV were applied, providing high mass resolution secondary ion 
spectra together with a spot size of ~5µm (bunched mode). Experiments were performed on 




. No charge compensation was required for these experiments. The pressure in the 
sample compartment of the spectrometer was < 2×10
-9







 peaks.  SIMS experiments and analyses were graciously 
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performed by Dr. Alexander Welle at KIT in Germany. SIMS is a well established technique and 




A Nicolet 6700 FTIR spectrometer was used to analyze the vibrational molecular 
signatures of the bulk of plastic films before and after UV exposure.  The FTIR sample stage and 
optics were purged with nitrogen gas prior to and during data collection.  Signatures of pure PVC 
films were compared to FTIR PVC reference spectra to insure sample purity. Spectra were 
obtained of pure PVC and 25 wt% DEHP plastic PVC films spin coated on calcium fluoride 
windows from 400 cm
-1
 to 4000 cm
-1
 before UV exposure and after 1, 5, or 8h of short or long 
wave UV or UV/H2O2 treatment.  The UV treatment for FTIR studies was performed in an 
identical manner to the treatment for SFG analysis.   Spectra are shown between 1000 and 3600 
cm
-1
 in the following figures.  The presented spectra were corrected for atmospheric water 
interferences and baseline anomalies as well.  
4.2.3.4 UV-Vis  
UV-Vis spectra were obtained on a UV-1601PC UV-Vis Shimadzu Spectrophotometer.  
Thick films were generated by squirting ~1 mL of plastic solution into quartz cuvettes two times, 
and pouring excess solution out.  The sample preparation for the plastic solutions were the same 
as stated previously except the weight ratio of THF:PVC was 10:1.  The cuvettes were rinsed 
with ethanol and Milli-pore deionized water several times, dried with nitrogen gas, and then 
plasma cleaned for 3 min prior to film preparation.  A clean quartz cuvette was used as a 
background for UV-Vis measurements.  Again I would like to thank the members of the Gafni 
lab at the University of Michigan for allowing us use of and help with their UV-Vis instrument.  
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4.3 Results and Discussion 
4.3.1 UV-Depth Penetration 
Before examining the bulk of the results for this Chapter, it is very important to discuss 
the applicability of this UV-based treatment to various hypothetical PVC materials.  As 
previously stated, this simple treatment is specifically geared towards degrading DEHP 
molecules in clear PVC materials, opaque thin film PVC products, and treating the surfaces of 
decades old PVC materials in which most phthalates have already migrated to the surface layers 
of the plastic.  Many clear PVC plastics contain a large concentration of plasticizers by weight.  
This includes PVC tubing, medical tubing and bags (which are known to be made with >70 wt% 
phthalates), assorted PVC films, and PVC utilized for packaging materials.  Due to the limits of 
UV depth penetration, short wave UV cannot be used on all PVC materials to degrade phthalates 
throughout the plastic after disposal.   
While determining the exact penetration depth of short wave UV into different types of 
plastics is beyond the scope of this study, we utilized UV-Vis to determine if 254 nm UV could 
penetrate the bulk of a thicker film.  The UV-Vis setup used requires that the UV pass through 
the entirety of the cuvette to reach the detector so a 25 wt% DEHP loaded PVC plastic coated 
20-30 µm thick on all sides of a quartz cuvette was effectively acting as a 40-60 µm thick film.  
As shown in Figure 4.1, this thick film absorbs only about 0.23 absorbance units at 254 nm.  This 
indicates that UV light still penetrates through both layers of plastic at roughly 59% 
transmission.  It may be reasonable to apply this technique, therefore, to both sides of clear thin 




Figure 4.1. UV-Vis spectra near 254 nm of a thick film (40-60 µm total thickness) of PVC 
with 25 wt% DEHP. 
4.3.2 SFG and SIMS Results on Short Wave UV Treated Materials 
4.3.2.1 SFG Analysis of 25 wt% DEHP 
Because the surface of PVC with 25 wt% DEHP before UV/H2O2 exposure has been 
characterized in depth in previous chapters, the spectrum will only be described here very 
briefly.
22,34
 Two dominant peaks at 2880 and 2945 cm
-1
 correspond to the CH3(s) and Fermi 
resonance of the DEHP molecule, whereas a smaller shoulder at 2915 cm
-1
 corresponds to the 
CH2(s) stretch of PVC (Figure 4.2).  The larger signal of DEHP compared to PVC indicates that 
DEHP molecules dominate the plastic surface.  
After 30 min of exposure to short wave UV/H2O2, there is an increase in the SFG 
CH2(s)/CH3(s) peak intensity ratio (left panel, Figure 4.2).  From the discussion in the previous 
Chapter studying UV-induced reactions of plasticized PVC films in air, we were able to 
associate this change in peak ratio with DEHP surface reactions.
22
  Interestingly, in Chapter 3, it 
was after 1h exposure to short wave UV without H2O2 that this peak ratio change was observed 
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for 25 wt% DEHP.  Here, with the only change being the addition of H2O2, the surface molecular 
changes are evident much faster at 30 min.  This is indicative at first glance that the surface 
reactions may occur faster with the addition of hydroxyl radicals. 
  
Figure 4.2. Left panel: SFG ssp spectra collected from plasticized PVC with 25 wt% DEHP 
before and after 30, 60, 90, 300, or 480 min of short wave UV exposure with H2O2 and after 
480 min of short wave treatment with no H2O2.  Right panel: SFG spectra of plasticized 
PVC with 25 wt% DEHP before and after 30, 60, 90, or 300 min long wave UV exposure 
with H2O2. 
This CH2(s)/CH3(s) signal ratio change continues as the intensity of the CH3(s) peak 
decreases more and more up to 5h of treatment, where the only peak distinguishable is the 
CH2(s) peak (Figure 4.2), which indicates the CH2 groups from PVC remain ordered on the 
plastic surface.  The SFG data suggests after 5h of treatment, almost all DEHP molecules have 
either been removed or converted to different molecules.  Unlike the spectrum taken after 5h of 
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short wave UV exposure in the previous Chapter (with no H2O2 added), there is no small 2880 
cm
-1
 peak of CH3(s) still clearly visible.
22
   
After 8h of short wave UV/H2O2 treatment, only the CH2(s) signal remains resolvable, 
indicating almost all CH3 groups are disordered or have been removed.  This is quite different 
than the surface of the plastic after 8h of short wave UV exposure only, where the CH3 signals 
remain (Left panel, Figure 4.2).  Recall from Chapter 3 that the surface of the plastic after 5h of 
short wave UV only yielded SFG surface signals dominantly from CH2 groups.  The increase in 
CH3 signals after 8h of UV only may suggest that either the DEHP molecules have been reacted 
even further to yield small alkyl groups, or that the PVC surface itself is now beginning to 
undergo scission once a layer of DEHP molecules has been removed.  However, this assumption 
cannot be made without further evidence, which will be discussed in the next section. 
4.3.2.2 SIMS Analysis of 25 wt% DEHP 
Since SFG results indicated that the surface removal and conversion of DEHP molecules 
may occur faster with the addition of H2O2 and may yield different surfaces after 5h and 8h of 
treatment, we obtained SIMS data after 5 or 8h of exposure to short wave UV only and compared 
these results to SIMS data obtained after short wave UV with the addition of 35wt% H2O2.  
SIMS data complements the molecular ordering data obtained by SFG by yielding information 
on the types of molecules that remained on surfaces after treatment, allowing us to identify 
molecular reaction products.   A 25 wt% DEHP sample that was not exposed to reaction 
treatments was utilized as a control.  The negative secondary ion spectrum of the control sample 
had a peak at 277.1 m/z, associated with a phthalic monoester, and attributed to the in-situ 
fragmentation of DEHP during the sputtering process initiated by the primary ion bombardment 
(Figure 4.3). A weaker signal found at 391.3 m/z, [C24H38O4+H]
-
, is from the parent DEHP 
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molecule. Although all samples were analyzed by applying a constant Bi3
+
 dose, the total 
secondary ion count rate in negative polarity is low in the case of the untreated sample compared 
to the UV treated samples. We believe this is mainly due to the introduction of oxygen by UV 
treatment, which would increase the ionization yield.   
 
Figure 4.3. SIMS spectra of the phthalic monoester fragment before and after a variety of 
long or short wave UV treatments, with or without the addition of 35 wt% H2O2.  
SIMS data obtained after 5h of exposure to short wave UV only revealed evidence of 
phthalic acid formation found at a 165.0 m/z, [C8H5O4]
-
, phenyl ring hydroxylation of phthalic 
acid at 181.0 m/z, the formation of a phthalate monoester at 277.1 m/z, hydroxylation of the 
monoester at 293.1 m/z, and hydroxylation of the parent molecule at 405.2 m/z (see Table 4.1). 
The evidence of phthalic acid formation and phenyl ring hydrogenation is consistent with results 
we previously found of molecules contained in the bulk after short wave UV exposure (Chapter 
3, FTIR and HPLC/MS results).  Now, however, there is additional evidence of multiple phenyl 
ring hydroxylation types.   
Once the plastic was exposed to 5h of short wave UV and 35 wt% H2O2, large peaks at 
165.0 m/z, 181.0 m/z, 277.1 and 405.2 m/z were found in SIMS spectra.  The intensities of the 
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peaks associated with the monoester and hydroxylated parent molecule compared to the nontoxic 
molecules are larger than those observed after 5h of short wave UV exposure alone, indicating 
different reaction pathways.    
After 8h of short wave UV exposure, peaks associated with phthalic acid at 165.0 m/z, 
hydroxylated phthalic acid at 181 m/z, and a hydroxylated phthalic monester at 293.1 m/z were 
apparent.  The intensity of the peaks at 165.0 and 181.0 m/z were much larger in comparison to 
the intensity of the peak at 293.2 m/z collected on the same sample, indicating that a small 
percentage of the surface products were hydroxylated monoesters.  The lack of signals at 391.3 
and 405.2 m/z in turn suggest that most of the DEHP molecules present on the topmost surface 
layers were degraded to smaller molecules.  Thus the surface contained very few molecules that 
are toxic to humans after treatment.  
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The SIMS results after 8h of short wave UV exposure with 35 wt% H2O2 are similar to 
those obtained after 8h of pure UV.  The intensities of the peaks at 165.0 and 181.0 m/z are still 
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quite large.  However, the peak at 293.1 m/z is smaller than the sample after exposure to 8h of 
short wave UV only.  These results indicate that there is still a small percentage of the 
hydroxylated monoester left on the surface (or possibly the hydroxylated parent before sputtering 
and fragmentation during secondary ion generation) but overall most of the surface DEHP 
molecules have been converted to smaller molecules.   
At first glance, it may appear that the SIMS results after 5 or 8h of short wave treatment 
contradict the SFG results.  For example, there are lower intensity SFG CH3 peaks visible after 
5h of UV/H2O2 treatment compared to short wave UV only
22
, which tends to indicate that the 
addition of H2O2 has resulted in further reaction on the surface.  However, SIMS results reveal 
there are actually more DEHP molecules on the UV/H2O2 treated surface than the UV treated 
surface.  Similarly, there are lower intensity SFG CH3 peaks for the UV/H2O2 treated surfaces 
after 8h compared to the UV treatment alone, but SIMS demonstrates that there are similar 
surface products after both 8h UV and UV/H2O2 treatments.  What is key is that the assumption 
that the decrease in SFG CH3 signals directly relate to DEHP content does not take into account 
the physical differences in UV treatment methods.  With the addition of H2O2 in solution, two 
complications may result: the addition of liquid to the system may have increased the degree of 
disordering of hydrophobic groups on the surface, and/or the removal of the liquid by pipette 
prior to spectroscopic analysis may have aided in removing smaller aliphatic alkyl groups in 
water soluble degradation products.   
Since SFG is sensitive to the ordering of the functional groups as well as the number of 
groups, it is most likely that the changes in SFG signals with UV/H2O2 treatment compared to 
UV treatment alone are due to increased surface disorder.  It is likely that the few DEHP 
molecules and/or DEHP reaction products remaining on the surface after UV/H2O2 treatment 
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were disordered, giving lower or no CH3(s) signals compared to treatment without the addition 
of liquid.  With this in mind, the increase in the intensity of the CH2 peak compared to CH3 
peaks observed after 30 min of UV/H2O2 exposure as discussed in the beginning of this section 
may arise from the different experimental conditions of UV/H2O2 treatment.  Rather than an 
indication in increased reaction kinetics, the CH2/CH3 ratio change is more likely attributed to 
differing CH surface ordering. 
  The SIMS results indicate that the addition of hydroxyl radicals to the UV treatment for 
the purpose of additional DEHP removal is not immensely beneficial as there are no major 
differences in plastic surfaces after 8h of either treatment method.  The SIMS results allow us to 
form a slightly more complex reaction scheme for the degradation of DEHP molecules at the 
air/film interface.   Now we can confirm that the hydroxylation of the phenyl ring occurs at many 
steps in the degradation process and may occur multiple times on a single molecule for both 
reaction types, with or without H2O2.  For the UV/H2O2 reactions, the DEHP molecules are 
expected to almost entirely cover the surface of the plastic, and therefore be readily available for 
reaction with OH radicals from H2O2.  The increase in surface present OH radicals may 
compensate for the slower reaction kinetics in water compared to air, which could explain why 
the surfaces of films eventually contain similar reaction products after 8h of short wave UV 
treatment or UV/H2O2 treatment. The DEHP degradation process under UV/H2O2 conditions will 
be discussed in greater detail later in this chapter. 
4.3.2.3 SFG Analysis of 10 wt% DEHP 
Briefly, in order to make a direct comparison to the studies looking at the surface changes 
of plasticized PVC after short wave and long wave UV exposure only presented in the previous 
Chapter, we also obtained SFG data of PVC plasticized with a lower weight percentage of 
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DEHP, 10 wt% DEHP.  In contrast to the dominating signals observed from DEHP in the 25 
wt% sample, the intensities of the signals from DEHP and PVC in the 10 wt% sample are 
virtually the same, indicating that the surface contains both PVC and DEHP molecules (Figure 
4.4).  After 30 min of short wave/H2O2 treatment, the intensity of the CH2(s) peak is larger than 
the CH3 peaks, and by 5h, the only signal remaining is that of the CH2(s) peak, showing that 
virtually all DEHP molecules have been converted to other molecules.   
 
Figure 4.4. SFG ssp spectra collected from plasticized PVC with 10 wt% DEHP before and 
after 30 min, 60 min, 90 min, or 300 min of short (left panel) versus long (right panel) wave 
UV exposure with H2O2 
The SFG spectra after 5h of treatment highly resembles the signal from pure PVC but 
without the peak from the CH3(s) end group at 2880 cm
-1
 so it may be possible that the majority 
of the surface ordering observed is from PVC groups.  Near complete removal or degradation of 
DEHP at this point would be expected.  At this time, according to SFG and SIMS results in the 
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previous section, the 25 wt% DEHP samples contain few intact phthalate molecules and some 
smaller degraded ones.  With a lower concentration of DEHP than 25 wt%, perhaps most of the 
DEHP reacted.  In contrast, after 5h of long wave/H2O2 treatment, there are virtually no changes 
in the CH2 to CH3 ratio, similar to the spectra from the 25 wt% DEHP sample. 
4.3.2.4 SFG Analysis of Neat PVC  
SFG spectra were obtained before and after treatment to determine what surface 
molecular changes occurred to pure PVC due to short wave UV/ H2O2 treatment (Figure 4.5).  
After 60 min of exposure, the CH3(s) peak decreases in intensity compared to the CH2 peak.  
This trend continues after 1.5h of exposure.  However, after 5h of exposure, the 2880 cm
-1
 peak 
reappears, and a peak near 2945 cm
-1
 appears as well.  These two peaks are equal in intensity 
compared to that of the CH2(s) peak.  This indicates that now both CH3 and CH2 groups are 
ordered on the plastic surface.  We may conclude that at first, susceptible CH3 end groups are 
removed from the PVC surface by radical reactions.  Then once all of the end groups are 
removed, the chains themselves undergo radical attack, resulting in scission, removal of chlorine, 
and double bond formation.  With ozone present and readily formed under short wave UV 
conditions, these double bonds were likely attacked to form more CH3 groups.  In addition to the 
peak intensity changes, the 2915 cm
-1
 peak red-shifts after 30-90 min of short wave UV 
exposure.  This peak shift is likely due to the differing chemical environments surrounding the 
CH2(s) bond resulting from the aforementioned radical reactions, although the exact nature of the 




Figure 4.5. SFG ssp spectra collected from PVC before and after 30 min, 60 min, 90 min, or 
300 min of short (left panel) versus long (right panel) wave UV exposure with H2O2. 
4.3.3 SFG and SIMS Results on Long Wave Treated Materials 
4.3.3.1 SFG Analysis of PVC and 25 wt% DEHP  
To determine the surface molecular trends occurring from long wave UV/H2O2 treatment, 
SFG data was obtained before and after long wave UV/H2O2 exposure to 0 and 25 wt% DEHP 
films.  Exposure to UV/H2O2 for 25 wt% DEHP films, even after 5h, did not induce any 
observable changes in the CH2(s) to CH3 ratios in SFG spectra (Figure 4.2), indicating that the 
molecular surface ordering of CH groups did not occur to any major extent.   
Results from pure PVC exposure to long wave UV/H2O2, (Figure 4.5), demonstrate that 
there is likely a complex reaction process occurring at the PVC surface.  After 30 minutes of 





 is quite evident.  Additionally, the C-H signal intensities overall decrease with 
increasing reaction time up to 90 min, indicative of increased C-H disorder across the plastic 
surface.  After 5h, however, there is a dramatic increase in CH2(s) in comparison to the intensity 
of the other CH region peaks.   
The differences observed in SFG spectral trends for long wave UV/H2O2 treatment versus 
short wave treatment may be due to different equilibrium reactions between hydroxide radicals 
and ozone radicals.  Unlike the environment under short wave UV exposure, the long wave 
system contained a much lower concentration of ozone in air.   A change in the balance of 
radical reactions between ozone and hydroxyl radicals may have led to increased surface chain 
scission (hence the increase in intensity of the CH3(s) peak) and chlorine removal, and eventually 
more double bond formation with the elimination of the chlorine atoms.  The double bonds 
would not be as susceptible to further scission with less ozone present.  Unfortunately, this 
theory is difficult to prove with our current evidence and it is unclear as to exactly why CH3 
peaks are dominant at the surface after shorter treatment times. 
4.3.3.2 SIMS Analysis of 25 wt% DEHP 
To determine what molecular products, if any, may have been formed on the surface of 
the plastics from long wave exposure, SIMS data was obtained after long wave UV exposure to 
25 wt% DEHP films (See Table 4.2) and after long wave UV/ H2O2 exposure.  SIMS results 
after 5h of exposure to long wave UV just have peaks at 277.1 m/z and 391.3 m/z, the phthalic 
monoester and parent molecule.  The addition of hydrogen peroxide appears to make little 
difference in surface reactions, with major peaks at 277.1 and 391.3 m/z, and a very small signal 
at 181.0 m/z, the hydroxylated phthalic acid after 5h long wave UV/H2O2 treatment.  The SFG 
and SIMS results both demonstrate that the addition of OH radicals to the long wave UV 
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treatment did not help induce major surface reactions on DEHP molecules.  Thus we can 
determine that long wave UV should not be used for any DEHP-removal process and will do 
little to affect the surface of PVC films.  
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4.3.4 Evidence for Bulk Reactions from UV Treatments 
FTIR spectra were obtained before and after long or short wave UV/H2O2 exposure to 
pure PVC and 25 wt% DEHP (Figure 4.6 and Figure 4.7).  PVC with 25 wt% DEHP films after 
short wave UV exposure with H2O2, similar to our previous results after short wave UV only 
(Chapter 3), contained dramatic spectral bulk changes across both C-H and C=O stretching 
frequency regions (Figure 4.6, top panel). We are able to obtain information about molecular 
structural changes of the plastic by closely studying peak ratio changes.  Large decreases in 
signal intensities were observed at 1027 and 1127 cm
-1
 (contributed by the aromatic O-CH2 
group of DEHP), and 1280 cm
-1
 (conjugated aromatic ester COO group of DEHP). Additionally, 
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a decrease in intensity and broadening of the 1725 cm
-1
 C=O stretch suggests that not only did 
the number of C=O groups decrease but that the neighboring chemical environment around the 
C=O bond changed, similar to evidence found in the previous Chapter.  
 
Figure 4.6. Top panel, top row: FTIR data of PVC with 25 wt% DEHP after 8h of short 
wave UV exposure (purple) and 8h short wave UV exposure with H2O2.  Top panel, bottom 
row: PVC with 25 wt% DEHP before (black) and after 1h (red) and 5h (blue) UV exposure 
with H2O2.  Bottom panel: FTIR data of PVC before (black) and after 1h (red) and 5h 
(blue) short wave UV exposure with H2O2.   
Again, these spectral changes are indicative that the ester bond of DEHP was reacted to 
form smaller molecules.  Likely formed molecules include phthalic acid, phthalic monoesters, 
and phthalate-related molecules with hydroxylated phenyl rings as observed with HPLC/MS in 
the previous Chapter and with SIMS here. Interestingly, the decrease in intensities in the C=O 
region of spectra in Figure 4.6 is not as dramatic as previously found with exposure to short 
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wave UV only.  However, there are greater decreases in intensity across the C-H region of 
spectra, indicative of C-H bond elimination. Collectively this is evidence that more reactions 
may have occurred with PVC molecules over DEHP molecules. 
 
Figure 4.7. Top panel: FTIR data of PVC with 25 wt% DEHP before (black) and after 1h 
(red) and 5h (blue) long wave UV exposure with H2O2.  Bottom panel: FTIR data of PVC 
before (black) and after 1h (red) and 5h (blue) long wave UV exposure with H2O2.   
This suspicion was confirmed by studying the FTIR spectra of pure PVC before and after 
1 or 5h short wave UV/H2O2 treatment.  There is a major decrease in intensity of the C-H 
stretching frequency region signals which increases with longer treatment times from 1h to 5h.  
Decreases in signal intensity include both CH2 and CH3 groups at 2880 cm
-1
 (CH3), 2860 cm
-1
 
(CH2), and 2845 cm
-1
 (CH2(s)).  These decreases in signal intensities for pure PVC are much 
larger than the signal decreases previously observed in Chapter 3.  Thus, the addition of 
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hydroxide radicals to our treatment system demonstrated preferential radical reactions with PVC 
chains rather than DEHP molecules, leading to a larger amount of bulk polymer breakdown.   
Lastly, FTIR data obtained after 8h of 25 wt% DEHP treatment reveal that exposure to 
short wave UV only results in almost complete removal of DEHP in the bulk (up to the FTIR 
detection limit) with no DEHP signals, whereas 8h short wave UV/H2O2 exposure does not result 
in elimination and DEHP FTIR signals remain.  It is at this point that the pure UV reaction is still 
faster than UV/H2O2 and is successful in removing almost all DEHP molecules from the bulk 
(Figure 4.6, top panel).  It is interesting that this means the surface and bulk reaction kinetics for 
DEHP degradation are different.  Recall that at this point on the surface of the plastic, SIMS 
results reveal that the removal of DEHP via UV or UV/H2O2 is virtually the same. 
We additionally obtained FTIR data to compare the bulk molecular changes for DEHP 
plasticized and pure PVC exposed to long wave UV/H2O2 compared to the surface changes.   
Pure PVC exposure to long wave UV treatment resulted in some C-H signal decreases, likely due 
to crosslinking, scission, or radical scavenging.  Again, the decrease in signal intensity after long 
wave UV treatment was less dramatic than that after short wave UV treatment.  Also there are 
virtually no changes in FTIR signal intensity when the DEHP was added to the PVC matrix, 
demonstrating that the molecules have a protecting effect on both the surface (from SFG data) 
and throughout the bulk (Figure 4.7). This is concrete evidence that the use of long wave UV is 
not effective for either surface or bulk DEHP removal in these plastics.   
We can deduce from FTIR results that reaction processes for DEHP molecules in the bulk 
due to short wave UV/H2O2 exposure are similar to reaction processes induced from short wave 
UV exposure only, but are complicated by preferential hydroxyl and ozone radical reactions with 
PVC chains. Compiling information from all three analytical techniques, it is clear that the 
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addition of hydrogen peroxide was less effective in degrading DEHP molecules located within 
the plastic matrix than UV exposure alone, and was comparable at converting DEHP on the 
surface of the plastic.  Using the data from Chapters 3 and 4, the following is a simplified 
reaction scheme for the degradation of DEHP in the short wave UV/H2O2 system (Figure 4.8).   
 
 
Figure 4.8. Simplified reaction scheme for DEHP degradation at 254 nm UV light with 35 
wt% H2O2(aq). 
Within the plastic, a competing reaction pathway with PVC and OH radicals results but 
the pathway is not shown here. Hydroxylation of the phenyl ring occurred at all steps of 
degradation.  Major stable products include hydroxylated DEHP, and the formation of MEHP 
and hydroxylated MEHP.  These products would give way to phthalic acid, hydroxylated 
phthalic acid, and other smaller molecules formed from the breaking of the CO ester bond of the 
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phthalate.  The small alkyl legs of the molecule may have volatilized or been removed with the 
removal of the H2O2 liquid after treatment.  The addition of O3 in the system from the short wave 
UV would break open phenyl rings at a fast rate, with further radical attack leading to complete 
degradation of the plasticizer. A similar molecular degradation would likely result for phthalates 
in plastics exposed for long periods of time to short wave UV in aqueous environments with 
hydroxyl radicals as well.  
Again, it is unclear of the rate of ozone reactions versus hydroxide reactions with DEHP, 
given that the concentration of OH to O radicals has changed with the addition of hydrogen 
peroxide compared to the UV only treatment.  Evidence of products formed by phenyl ring 
ozone reactions were not widely observed with SIMS in either case.  It is possible that many 
ozone reactions were quenched by reaction with PVC, that these smaller products readily left the 
PVC matrix by evaporation, or are simply difficult to observe with our analytical techniques.  
Thus a concrete description of how OH/O radical kinetics changed with the addition of aqueous 
H2O2 cannot be ascertained. 
We can, however, hypothesize a few reasons as to why the bulk DEHP removal was less 
effective with a treatment involving the addition of hydrogen peroxide.  The first reason is most 
obvious: these bulk reactions took place in aqueous media rather than air.  The aqueous phase 
kinetics would therefore be much slower than gas phase in the bulk of the plastic, yielding 
slower initial OH radical reactions with DEHP.   This can help explain why FTIR results show 
much more DEHP degradation at 5h for UV reactions in air, and only a small difference at 8h.   
Second, the influx of water into the PVC system would swell the polymer matrix further 
than the plasticizers already had and increase the regions in which PVC chains are susceptible to 





  Perhaps the influx of radicals at new regions within the plastic 
helped lead to the preferential attack on the PVC chains rather than the DEHP molecules.  
4.4 Conclusions 
The molecular structural surface and bulk changes of plasticized PVC materials after 
UV/H2O2 exposure via UV lamps were studied using analytical techniques SFG, SIMS, and 
FTIR.  The results are summarized as follows: 
The addition of 35 wt% H2O2 to short wave UV exposure for the purpose of improving 
DEHP degradation was found to yield comparable phthalate-related products on plastic surfaces 
exposed to short wave UV only after 8h of treatment.  Surface products formed from both 
treatments include phthalic acid, hydroxylated phthalic acid, MEHP, and hydroxylated MEHP.  
By 8h, most toxic surface molecules were eliminated using either treatment methods.  Surface 
CH3 groups were found to order to a lesser extent on samples exposed to short wave UV/H2O2 
compared to short wave UV exposure alone.  This change in surface structure was induced by 
the addition and removal of H2O2 aqueous solution during the reaction process which increased 
molecular disorder on the surface and likely also physically removed small alkyl reaction 
products, respectively.     
In contrast to surface reactions, the short wave UV/H2O2 treatment was less effective in 
degrading DEHP molecules in the bulk of the plastic compared to short wave UV exposure only 
up to 8h of treatment.  This was determined to have occurred due to preferential radical reactions 
with the PVC plastic.   Lastly, for plastics exposed to long wave UV/H2O2 treatments, the 
addition of DEHP to PVC was found to protect the surface and bulk of the plastic from damage.  
Without DEHP, the polymer was susceptible to radical attack by OH radicals, resulting in 
increased CH3 surface groups after exposure and minor chain scission in the bulk.   
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Results from this Chapter indicate that extended short wave UV exposure may be an 
effective means to degrade toxic DEHP and MEHP molecules after plastic disposal, and the 
addition of H2O2 to this treatment system is only beneficial if additional degradation of the 
polymer bulk of thin film plastics is desired.   Therefore the H2O2/UV treatment may be best 
applied to plastics that cannot be recycled and will later be disposed in a landfill.  Here, the 
minor polymer chain degradation can lead to increased degradation kinetics under landfill 
conditions, as hypothesized in many previous studies. In contrast, short wave UV exposure alone 
is the simpler and safer treatment, and may be appropriate for both plastics temporarily stored for 
recycling and regularly disposed plastics, by changing the exposure time as needed.  It is worth 
mentioning that commercial UV absorbers are typically added to the plastic matrix during plastic 
processing for multiple types of PVC products. If this is the case, the treatment times indicated in 
this study are not directly applicable, and longer UV exposure times must be used to achieve the 
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SURFACE AND BURIED INTERFACE RESTRUCTURING OF PVC 
AND PLASTICIZED PVC IN WATER 
5.1 Background and Motivation  
Chapter 5 focuses on two major concepts: understanding how plasticized PVC surfaces 
change from water contact at a molecular level, and advancing a theoretical understanding of 
multiple interface SFG signal interferences from polymeric film systems.  In these studies, 
several different kinds of PVC plastic were probed in situ before, during, and after water contact 
using SFG.  An SFG method platform for studying the transfer of small molecules from surface 
to surface via liquid was developed in these studies as well.  Dr. Xiaolin Lu from Southeast 
University was vital in furthering quantitative understanding of SFG signal interferences and 
determined Fresnel coefficient contributions under different experimental conditions for different 
interfaces, completed SFG fits for multiple interface signals and aided in data analysis.  His 
collaboration on this project is greatly appreciated.  Results from this Chapter are adapted from 
the following publication: Hankett, J.M.; Lu, X.; Liu, Y.; Seeley E.; Chen, Z. “Interfacial 
Molecular Restructuring of Plasticized Polymers in Water” Phys. Chem. Chem. Phys. 2014, 16, 
20097-20106 with permission from the PCCP Owner Societies. 
Here we focus on the concern of the instability of phthalates and potential leaching 
hazards from plastic to water at a molecular level.  It has been well established that human 
produced plastic components profusely permeate natural ecosystems through many means, 
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including the leaching and transfer of plasticizers into liquids in the surrounding environment.
1-6
 
Phthalates are susceptible to leach from the entangled polymer chains due to their small size and 
the lack of covalent bonding to PVC.  Over the plastic’s lifetime, plasticized PVC may be 
exposed to air and water frequently. This means phthalate leaching into water may occur as the 
plastic is being used and after it is disposed.  Therefore it is important to obtain a molecular-level 
understanding of the surface structures of phthalate plasticized PVC upon water contact.  The 
analytical technique SFG is extremely well suited for this task.  There are very few other 
analytical techniques suitable for studying the molecular behaviors of polymers at aqueous 
interfaces in situ.  Cryogenic x-ray photoelectron spectroscopy (cryo-XPS) allows for polymer 
strands to be effectively frozen in place when in contact with an aqueous environment so that 
surface compositional changes may be observed.
7,8
 This can be compared to data from XPS 
measurements taken in dry conditions.  However, XPS is performed under ultra-high vacuum 
and it is nearly impossible to determine any molecular ordering changes a homo-polymer 
undergoes over increasing contact time with a liquid.  Near Edge X-Ray Absorption Fine 
Structure (NEXAFS), another very powerful spectroscopic technique, may allow for the 
determination of molecular orientation changes upon water contact, but the use of a synchrotron 
is required.
9-11
 Using SFG we probed the solid/aqueous interface in situ and in real time without 
physically breaking apart the system of study.  Although SFG has been used to extensively study 
other polymers in water, PVC has not yet been studied in situ in water at a molecular level. 
12-21
   
This Chapter presents a fundamental study on the behaviors of PVC and phthalate 
(DEHP) surface functional groups in air, the ordering changes of these C-H groups over time 
when in contact with D2O (utilized to avoid spectral confusion between the water O-H stretching 
and the plastic C-H stretching signals) and the following C-H functional group restructuring in 
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air after water contact using SFG.  The behaviors of surface molecular structures on pure PVC 
films are compared to those on PVC plasticized with 10 wt% and 25 wt% DEHP.  In order to 
obtain molecular vibrational information at the water interface in situ, a prism experimental 
geometry is used, where PVC thin films are spin coated on right angle silica prisms and D2O 
droplets are contacted to the films on the bottom of the prisms (Figure 5.1).  Such an 
experimental geometry setup yields larger signals when liquids are contacted to substrates (no 
signals could be obtained with a flat window substrate rather than a prism geometry), but also 
may lead to interfacial signal interferences and/or different spectra than window geometry, as 
found in this research.  In fact, when the spectra obtained under the prism geometry were 
originally fit with the traditional fitting method outlined in Chapter 1 accounting for signals 
originating from a single surface, the resulting calculated CH2 and CH3 surface orientations were 
very similar for every prism sample type before and after water contact, even though the window 
spectra indicated major structural changes.  These results left us to conclude that the SFG signals 
obtained on plastics under the prism geometry may not solely originate from the plastic surfaces. 
 
Figure 5.1. The window and prism geometries for SFG experiments in this study. 
Therefore, this Chapter also focuses on resolving SFG signals of the silica/polymer 
interface from those resulting from the polymer/water or polymer/air interface, allowing us to 
further understand the molecular-level behaviors of PVC and phthalates in aqueous conditions 
and to give a quantitative answer as to why different SFG signals were observed in window 
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versus prism geometry.  Finally, the leaching of DEHP molecules into D2O and their 
reorganization at a new interface is briefly studied, demonstrating the instability of the PVC 
films and furthering our understanding of the surface molecular structural changes of these 
plastics when in contact with water.   
5.2 Experimental Methods 
5.2.1 Materials 
Poly(vinyl chloride) (Mw 62,000; Mn 35,000, pellet form), tetrahydrofuran (THF) ≥99.9% 
purity, toluene ≥99.3% purity, concentrated sulfuric acid (reagent grade), potassium dichromate, 
and deuterium oxide were obtained from Sigma Aldrich (St. Louis, MO).  Deuterated 
poly(styrene)-d8 (PS-d8) was purchased from Polymer Source, Inc. (Dorval, QC Canada).  Bis 2-
ethylhexyl phthalate (analytical standard) was purchased from Fluka (St. Louis, MO).  
5.2.2 Sample Preparation 
Right angle fused silica prisms (Altos Photonics, Inc.) and fused silica windows (ESCO 
Products, Inc.) were used for SFG measurements and were sequentially cleaned with a 
concentrated sulfuric acid bath saturated with potassium dichromate overnight, rinsed with 
deionized water, dried with nitrogen gas and then cleaned by exposing substrates to a glow 
discharge air plasma for 5 min with a PE-50 series Plasma System (Plasma Etch, Inc.) to remove 
any excess organic material before sample preparation.  PVC pellets were dissolved in THF to 
prepare the PVC-based thin films.  A 30:1 weight ratio of THF/PVC was used for all PVC-based 
films. DEHP was added by weight percent to PVC.  PVC plastic film thicknesses were ~200 nm.  
1 wt% PS-d8 solutions were prepared by dissolving PS-d8 in toluene. Solutions were mixed using 
a vortex mixer (Vortex-Genie 2T, Scientific Industries Inc.) until clear. 
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A P-6000 spin coater (Speedline Technologies) was used to prepare all plastic thin films.  
Plastics were spin coated at 3000 rpm for 30 s on silica prisms or windows depending upon the 
application.  PVC plastic films were spin coated on both windows and prisms.  PS-d8 solutions 
were spin coated on prisms only. 
5.2.3 SFG D2O Experiments  
5.2.3.1 SFG Model Water Interface Experiments 
For the SFG experiments, samples were placed film-face down in a custom made sample 
holder so that the film surfaces were initially open to air.  PVC films were exposed to D2O for 
approximately 1.25 h by contact to a droplet of D2O in a clean holder pushed upwards to samples 
using a lab jack.  After 1.25 h the jack was lowered and the films were exposed to air to dry for 
approximately 1 h. SFG spectra were taken before and during D2O contact, and after 1 h of 
drying time in air.  Two sample geometries, window and prism geometries, were used in this 
study (Figure 5.1).  In situ measurements and measurements taken before and after D2O contact 
were performed with prism geometries (using right angle prisms as substrates).  Window 
geometries were used for measurements before and after water exposure, but not during since 
spectra could not be obtained in this geometry in situ (signal to noise ratio was too low to 
observe spectral peaks conclusively).  The consequences of using these two different geometries 
to obtain SFG measurements will be discussed in more detail later. 
5.2.3.2 SFG Phthalate Migration Experiments 
For SFG phthalate migration experiments, samples spin coated on windows were 
contacted to a droplet of D2O in the same manner as stated above for approximately 1.5h.  
Afterwards the jack was lowered and the D2O holder containing the droplet was transferred to 
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contact a new prism with a PS-d8 spin coated film.  SFG spectra were obtained before, during, 
and after “dirty” D2O contact to PS-d8. 
5.2.4 Instrumentation  
5.2.4.1 SFG 
 
The details of SFG theory and experimental setup have been extensively outlined in the 
introduction of this thesis and elsewhere.
32,40,41
 SFG has been previously applied to gather 
molecular-level information of a variety of surfaces and interfaces like polymers in aqueous 
environments.
12,22-30
  The SFG experiments conducted for this Chapter were taken using ssp (s-
polarized signal, s-polarized 532 nm input beam and p-polarized tunable frequency IR input 
beam) and ppp polarization combinations.   
5.2.4.3 FTIR 
A Nicolet 6700 FTIR spectrometer was used to determine whether or not remaining D2O 
was trapped in PVC films after exposure to D2O.  The FTIR sample stage was purged with 
nitrogen prior to and during obtaining sample spectra to reduce water content present in the 
atmosphere.  Pure PVC films were compared to FTIR PVC reference spectra. Spectra were 
obtained from 400 cm
-1
 to 4000 cm
-1
.  Spectra are shown in a range of 1000-3600cm
-1
 for image 
clarity.  
5.2.5 Spectral Deconvolution Analysis 
In our SFG experiments, we could not detect SFG ppp signals at the air interface using a 
face-down window geometry (Figure 5.1), nor could we generate ssp or ppp signals at the 
polymer/water interface with a window geometry, as previously mentioned.  Therefore, we 
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obtained SFG spectra using a prism geometry (Figure 5.1), where both cases (in air and 
contacting water) generated strong signals.  However, the ssp prism air/polymer interface spectra 
were markedly different from the window air/polymer spectra, indicating that there were 
complications with the spectra obtained in prism geometry.  For the previous three Chapters, the 
vast majority of SFG experiments were performed in window geometry, and so these 
complications were not observed and not an issue in interpreting surface spectra. 
Here, it is believed that the SFG spectral differences between spectra obtained on prisms 
versus windows arise from signal interferences that occurred with prism geometry for this 
system.  Since a polymer film on a supported substrate has two interfaces, whether it is a 
polymer film on a silica window or a prism, both interfaces (silica/polymer interface and 
polymer surface in air or polymer/water interface) can generate SFG signals. Generally, for SFG 
spectra of polymers in air, the signal at the air interface is often much larger than at the buried 
substrate/polymer interface, due to differences in local Fresnel coefficients (as well as functional 
group orientation or ordering) at the two interfaces. It is this local field correction for each 
interface that influences the relative interfacial SFG signal intensity.  However, if signals at the 
buried substrate/polymer interface are strong, i.e. when using the prism geometry with an 
appropriate film thickness, it is possible that these signals may dominate the air or water/polymer 
interfacial signals.  Therefore it was vital to complete Fresnel coefficient calculations and also 
use a two-interface thin film spectral fitting model to determine if signals at the air or water 
interface were convoluted with the buried substrate interfacial signals.  
For our fitting calculations, we used the ssp SFG spectra in air in window geometry as 
the basis for plastic surface signal contributions because the spectra are dominated by surface 
signals in this geometry. Evidence to support this claim can be found in our Fresnel coefficient 
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calculations in the following section.  Then, we deduced the ssp SFG signals of the buried 
polymer/substrate interface generated from the prism geometry in air by fitting spectra (which 
contain signals generated by both the polymer surface in air and the polymer/substrate interface). 
Finally, knowing the buried polymer/substrate ssp SFG signals and having collected the ssp SFG 
spectra from the prism geometry in water, we deduced the SFG signals of the polymer surface in 
water. Likewise, we were able to deduce the SFG ppp spectra from the polymer surface in water, 
in air and from the buried polymer/substrate interface.
31-38
 Dr. Xiaolin Lu performed all fits using 
the multi-interface model he wrote based on well established theoretical calculations, determined 
Fresnel coefficients at various film thicknesses and sample geometries, and aided greatly in data 
analysis and interpretation for this Chapter. Fitting results in this Chapter are given in Aq /Γq  
values (strength of the qth vibrational mode divided by the damping coefficient of the qth 
vibrational mode), which are generated after fitting peaks and are directly correlated to the 
observed SFG signals.  We can directly correlate relative Aq /Γq ratios at the two interfaces to the 
relative contributions of a functional group at these interfaces.  The multi-interface analysis will 
be described in detail below. 
The Fresnel coefficients responsible for both interfaces were first calculated using a thin-
film model.  The calculated Fresnel coefficients were plotted as a function of the polymer film 
thickness under ssp and ppp polarization combinations and are shown in Figure 5.2 (window 
face-down contacting air and window face-down contacting water), and Figure 5.3  (prism 
contacting air and prism contacting water). As presented in the introduction Chapter of this 
thesis, ssp spectra probe χyyz, while ppp spectra probe multiple χ components. From these 
curves, important perspectives can be gained on which interface may contribute more to the 
collected SFG spectra and the spectra can be analyzed quantitatively. It should be mentioned that 
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the values of Fresnel coefficients used for quantitative analysis of spectra in this Chapter 
correspond to a polymer film thickness of ~200 nm, which holds true for our PVC thin film 
samples. 
First the Fresnel coefficients of the window geometry are discussed in detail.  
Specifically for the window face-down geometry with air as the bottom contacting medium 
(Figure 5.2), the Fresnel coefficient of the polymer surface in air for the ssp polarization 
combination (~0.94) is much larger than that of the silica/polymer interface and the Fresnel 
coefficients for the ppp polarization combination.  This indicates that SFG signals from the 
surface may dominate window spectra. In addition, for this Chapter we studied methylene and 
methyl functional groups, hydrophobic groups which at polymer surfaces in air tend to orientate 
more towards the surface normal than those at the polymer buried interfaces.  This orientation 
behavior yields a larger corresponding second-order nonlinear susceptibility tensor component, 
i.e. χyyz, at polymer surfaces than at polymer buried interfaces, and therefore a larger signal. 
These two reasons explain why the ssp SFG resonant signals of hydrophobic molecular 
groups located near the buried silica/polymer interface in window geometry can generally be 
considered negligible compared to those arising from the polymer surface in air. In turn, the 
much smaller Fresnel coefficients for the ppp polarization combination help explain why no ppp 
resonant signals were collected for this window geometry. With the window face-down 
geometry with water as the bottom contacting medium (Figure 5.2), the Fresnel coefficients for 
both ssp and ppp polarization combinations are also very small, and therefore it is quite 
















Figure 5.2. (Left) The calculated Fresnel coefficients for the window face-down geometry 
with air as the bottom contacting medium.  (Right) The calculated Fresnel coefficients for 
the window face-down geometry with water as the bottom contacting medium. 
As it turns out, the Fresnel coefficients of the prism geometry are quite different from 
those of the window geometry. If the Fresnel coefficients of the prism geometry with air as the 
bottom contacting medium (Figure 5.3) are inspected, specifically for the ssp polarization 
combination of a 200-nm-thick polymer film, the Fresnel coefficient of the silica/polymer 
interface (~2.21) is much larger than that of the polymer surface in air (~0.66). This indicates 
that the ssp spectra of the prism geometry with air as the contacting medium are composed of 
both contributions from the silica/polymer interface and the polymer surface in air but the 
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contribution from the silica/polymer interface likely prevails over that of the polymer surface in 
air. The Fresnel coefficient differences are the intrinsic reasons as to why the ssp spectral 
features for the window geometry with air as the bottom contacting medium and the prism 
geometry with air as the bottom contacting medium are different (these trends can be observed 
later in the discussion section of this Chapter).  
For the ppp polarization combination in prism geometry, the Fresnel coefficient of the 
χzzz component of the silica/polymer interface (~2.40) is much larger than the seven other 
coefficients, i. e. the χxxz, χxzx, χzxx components for the silica/polymer interface and χxxz, χxzx, χzxx, 
χzzz components for the polymer surface in air. This strongly suggests that for the prism geometry 
with air as the contacting medium, the ppp spectrum is dominated by the χzzz second-order 
nonlinear susceptibility tensor component at the silica/polymer interface rather than the surface. 
If the Fresnel coefficients of the prism geometry with water as the bottom contacting 
medium rather than air (Figure 5.3) are inspected, for the ssp polarization combination, the 
Fresnel coefficient of the silica/polymer interface (~0.98) is much smaller than that of the 
polymer/water interface (~2.56). This indicates the ssp spectra collected from prism geometry 
with water as the contacting medium are composed of contributions from both the silica/polymer 
interface and the polymer/water interface, but the contribution from the polymer/water interface 
will likely prevail over that of the silica/polymer interface.  
For the ppp polarization combination, the Fresnel coefficients of the χzzz components for 
both the silica/polymer interface (~1.15) and the polymer/water interface (~2.50) are much larger 
than the six other coefficients, i. e. χxxz, χxzx, and χzxx components for both the silica/polymer 
interface and the polymer/water interface. This again indicates the collected ppp spectra obtained 
in prism geometry with water as the contacting medium are composed of both contributions from 
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the silica/polymer interface and the polymer/water interface.  However in this case the 













Figure 5.3. (Left) The calculated Fresnel coefficients for the prism geometry with air as the 
bottom contacting medium. (Right) The calculated Fresnel coefficients for the prism 
geometry with water as the bottom contacting medium. 
Whether using ssp or ppp polarization combinations in the prism geometry, only one 
second-order nonlinear susceptibility tensor component has substantial contribution to the 
collected spectrum. This makes quantitative analysis practical and feasible for both ssp and ppp 
spectra. The following equation was used to fit spectra that are composed of contributions from 
two interfaces for an SFG spectrum of a 200-nm thick polymer thin film: 
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             Eq. 5.1 
Here χNR is the non-resonant background, ωq and Γq are the resonant infrared frequency 
and damping coefficient of the qth vibrational mode, respectively, and Aq and Bq are the strengths 
of the qth vibrational mode at the two interfaces, respectively.  Once the spectral peaks were 
fitted, generated Aq/Γq ratios directly correlate to χ(2eff and therefore directly relate to the observed 
signals.  Hence, we can directly correlate the relative Aq/Γq ratios obtained from fitting results to 
the relative contributions of a functional group at two different interfaces.
31-36,38,39
 
5.3 Results and Discussion 
5.3.1 PVC in Air and D2O 
5.3.1.1 Window Geometry: PVC in Air 
First the ssp SFG spectrum of pure PVC in air obtained in window geometry is analyzed 
(Figure 5.4).  Similar to previous Chapters, the largest peak at 2915 cm
-1
 belongs to the 
methylene symmetric (CH2(s)) stretch and a small peak at 2880 cm
-1
 is assigned to the end group 
methyl symmetric stretch (CH3(s)).
16,40,41
  From our previous discussion in the experimental 
section, we know that such a window spectrum originates from C-H groups on the PVC surface 
in air.  Therefore, we can confirm the PVC surface is dominated by methylene groups. 
5.3.1.2 Prism Geometry: PVC in Air 
As discussed in the previous section, the ssp SFG signal (Figure 5.5) generated from the 
PVC on silica prism in air may be dominated by the contribution from the buried PVC/silica 
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interface since the absolute Fresnel coefficient of the silica/PVC interface is ~2.21 and that of the 
PVC surface in air is ~0.66 for a film thickness around 200 nm. To obtain the signal contribution 
from the buried PVC/silica interface, the ssp spectrum of the PVC surface in air is needed.  This 
was collected from the window geometry measurements. Detailed fitting results are given in 
Table 5.1 below. 
 
Figure 5.4. SFG ssp face down window spectra of pure PVC, PVC with 10 wt% DEHP and 
PVC with 25 wt% DEHP in air before D2O contact (top) and after D2O contact (bottom).  
The spectra before D2O contact have been fitted.  The fits are shown on the spectra in the 
top panel as solid black lines and the experimental data as points only. 
 




















































Table 5.1. Spectral fitting results for PVC in air in window geometry 
 
Surprisingly, the major contribution from the prism measurement arises from the surface 
methylene signal.  Only two very weak resonant peaks were determined to originate from the 
buried silica interface with Aq/Γq ratios of 0.3 and -0.2 (see Table 5.2 for more information).  So 
for the ssp spectrum collected from the prism geometry in air, the surface signals dominate the 
spectrum even though the buried silica interface has a larger Fresnel coefficient than that of the 
PVC surface in air. This likely occurred because the molecular groups at the silica/PVC interface 
are highly disordered in comparison to the groups at the air interface. 
 
Window in air, PVC, ssp 
Assignment PVC surface in air PVC/silica interface 
 Wavenumber (cm
-1
) Aq Γq Wavenumber (cm
-1
) Aq Γq 
CH/CH2 2860 - - - - - 
CH3 (s) 2880 17 10 - - - 
CH2 (s) 2915 40 10 - - - 
CH2 (as) 2950 - - - - - 




Figure 5.5. SFG prism spectra of plastics in air before (left side) and after (right side) D2O 
exposure with 1h drying time. The spectra before D2O contact found in the left panel have 
been fitted.  The fits are shown on the spectra as solid black lines and the data as points 
only. 
Since no SFG signals were collected from the window geometry in the ppp polarization 
combination and strong ppp SFG signals were collected from the prism geometry, and since the 
Fresnel coefficients of the buried interface dominate in prism geometry are known (see 
experimental section), we can conclude that the strong ppp SFG signals from PVC on prisms in 
air were only generated from the silica/PVC interface. Unsurprisingly, the spectrum could be 
fitted using signals from the buried silica interface only (Table 5.2). In prism ppp spectra, as well 















































































































































as the previous PVC peak assignments, we can observe a small peak at 2860 cm
-1
, assigned to 
CH/CH2 contributions in accordance with IR studies
42,43
 (see Figure 5.5).  From the discussed 
fitting results, we can conclude that the PVC ssp spectrum on prisms yields information on both 
the PVC surface in air and the buried PVC/substrate interface, whereas the ppp polarization 
gives information only on the C-H functional groups at the buried silica interface.  This in fact 
may be a benefit for some studies.  For thin films of a select refractive index and thickness, we 
may be able to use ppp SFG signal in prism geometry to selectively probe the buried interface.  
In this case we can specifically study the PVC/silica interface in ppp and use different 
experimental setups to study the surface molecular behaviors of the plastic film. 
Table 5.2. Spectral fitting results for PVC in air in prism geometry for ssp polarization 
(left) and ppp polarization (right) combinations 
Prism in air, PVC, ssp Prism in air, PVC, ppp 
 PVC surface in air PVC/silica interface  PVC surface in air PVC/silica interface 
 cm
-1
 Aq Γq cm
-1
 Aq Γq  cm
-1
  Aq Γq cm
-1
 Aq Γq 
CH/CH2 2860 - - 2860 3 10 CH/CH2 2860 - - 2860 5 10 
CH3 (s) 2880 17 10 2880 -2 10 CH3 (s) 2880 - - 2880 7 10 
CH2 (s) 2915 40 10 2915 - - CH2 (s) 2915 - - 2915 (2916) 22 12 
CH2 (as) 2950 - - 2950 - - CH2 (as) 2950 - - 2950 (2947) 16 15 
200 nm, FPVC/Air =0.66, FSilica/PVC=2.21, χnr=-0.2 200 nm, FSilica/PVC= 2.40, χnr=0.25 
 
5.3.1.3 Prism Geometry: PVC in D2O 
To study the molecular surface changes of PVC from water contact, PVC samples were 
contacted with D2O (used in place of water to avoid spectral confusion) and SFG spectra were 
collected in situ in the prism geometry.  Figure 5.6 shows ssp and ppp prism spectra collected 
from PVC as a function of D2O contact time.  The major signal detected in water for both ssp 
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and ppp spectra is the CH2(s) peak at 2915 cm
-1
. Upon contact with deuterated water, the 2915 
cm
-1
 signal increases slightly in intensity compared to the signal in air.  However, as contact time 
increases, the PVC peaks decrease in intensity and are significantly smaller than those in air in 
both ssp and ppp spectra.  Interestingly, the 2880 cm
-1
 signal from CH3 disappears immediately.  
In addition, a new peak at 2970 cm
-1
 appears, which we have previously assigned to the CHCl 
stretch from PVC.
44
  This peak is barely observable in ssp but clearly present in ppp spectra.   
 
Figure 5.6. SFG prism spectra of PVC in D2O interface over increasing contact time from 
first contact to 1.25h.  On the left is the ssp spectra series and the right the ppp series.  The 
spectral fits of the peaks upon water contact are represented as black lines. 
 
Since we know the buried silica prism/PVC interfacial ssp SFG signal from the study in 
air (Table 5.3), we can obtain the ssp SFG signal contributed from the PVC/silica interface 
versus the PVC/water interface by fitting the ssp SFG spectrum collected from the PVC on a 
prism in D2O as seen in Table 5.3.  The fitting results indicate that the main signal at 2915 cm
-1
 


























































in ssp spectrum for the prism in water (Figure 5.6) must come from the PVC/water interface 
since the only contributed resonant signals from the silica/PVC interface are very weak.  These 
weak signals are located at 2860 cm
-1
 and 2880 cm
-1 
with 0.3 and -0.2 Aq/Γq ratios, respectively.  
When the same fitting logic is applied for the ppp spectra, the observed resonant signals can only 
be fit well when both interfaces are accounted for (Figure 5.6, Table 5.3).  As an example, Aq/Γq 
for CH2(s) at the PVC/water interface is -2.4, whereas it is 1.8 for the silica/PVC interface.  
Therefore the SFG signals must originate from both the silica/PVC and PVC/water interfaces.  
Here OH vibration (which may be from incomplete deuteration) shifts the line shape.   
The decrease in 2915 cm
-1
 intensity over time in ssp spectra (dominated by PVC/water 
interface contributions) could either indicate a change in methylene group orientation or an 
increase in surface methylene disorder (or orientation distribution) at the PVC/water interface.  
Since both ssp and ppp polarization combinations showed a decrease in methylene signals, it is 
more likely that the PVC surface continues to disorder with increasing contact time with water.  
Thus with the information from our spectral fitting, we concluded that the observed spectral 
changes of CH groups in ssp were indicators of increased CH disorder over a span of minutes at 
the polymer/water interface.  The spectra from ppp, which arise from both the water and silica 
buried interfaces, also indicate increased CH disorder over time.  However, it is apparent that 
some ordering at the polymer/water interface remains after 90 min of water exposure.  We are 
not able to make definitive statements about ordering changes at the buried polymer/silica 
interface from water contact with our spectra obtained in situ in D2O.  This research indicates 
that even though we could not detect SFG signals from the PVC/water interface using a window 




Table 5.3. Spectral fitting results for PVC in D2O in prism geometry for ssp polarization 
(left) and ppp polarization (right) combinations 
Prism in D2O, PVC, ssp Prism in D2O, PVC, ppp 
 PVC/water interface PVC/silica interface  PVC/water interface PVC/silica interface 
 cm-1 Aq Γq cm
-1 Aq Γq  cm
-1 Aq Γq cm
-1 Aq Γq 
CH/CH2 2860 - - 2860 3 10 CH/CH2 2860 -3.9 10 2860 5.1 10 




29 10 2915 - - CH2 (s) 
2915 
(2916) 
-29 12 2915 (2916) 22 12 
CH2 (as) 2950 - - 2950 - - 
CH2 (as) 2950 - - 2950 (2947) 16 15 
 CHCl 2970 -2.3 10 2970 - - 
 OH 3200 -320 170 3200 - - 
200 nm, FPVC/Water =2.56 , FSilica/PVC=0.95, χNR=0.1, α=-0.11, β=0 FPVC/Water = 2.50, FSilica/PVC=1.15, χNR=0.4, α= -0.11, β=3.14 
 
5.3.1.4 Window Geometry: PVC in Air after D2O Contact 
After exposure to D2O, the PVC films were dried in air for one hour and SFG spectra 
were obtained again at the air interface.  Spectra were obtained on both windows and prism 
substrates.  The ssp spectra of PVC in air on windows after drying can be observed in Figure 5.4.  
Note that the 2915 cm
-1
 CH2(s) peak still dominates.  However, the 2880 cm
-1
 CH3 (s) peak is 
now lower in intensity compared to 2915 cm
-1 
than previously, suggesting some functional group 
rearrangement after water contact, and ultimately indicating that the exposure to water contact 
for hours results in stable surface restructuring changes (on a scale of hours).  The more 
hydrophobic end methyl groups move to the bulk of the PVC sample after water contact. 
5.3.1.5 Prism Geometry: PVC in Air after D2O Contact 
Looking at the ssp prism spectrum after D2O contact, the 2915 cm
-1
 signal dominates, but 
the 2880 cm
-1
 signal is not observed, and an increase in intensity for the 2950 cm
-1
 methylene 
asymmetric (CH2(as)) peak is clearly observed (Figure 5.5).  We believe that the CH2(as) peak 
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originates from the surface since the contributions from the buried silica interface before water 
contact were very small in comparison.  The decrease of the CH3(s) signal and increase of 
CH2(as) signal is further evidence that water contact changed the surface of the material.  In ppp 
prism spectra, there is an obvious decrease in intensity of the CH3(s) peak at 2880 cm
-1
.  We 
previously determined that this peak originated from CH3 groups at the silica/polymer interface.  
This indicates there is buried interface restructuring as well as surface restructuring, which could 
occur if the water penetrated all the way to the bottom of the film. 
To summarize, the PVC surface exhibits restructuring upon contacting water. At the 
PVC/water interface, the plastic surface is still dominated by the methylene groups, but the end 
methyl groups are not observed.  The PVC surface becomes more and more disordered as a 
function of water contact time, and the resulting surface restructuring is irreversible on a scale of 
hours.  After the removal of PVC from water, the surface is still dominated by the methylene 
groups, but end methyl groups are no longer ordered on the surface. In addition, irreversible 
buried film/silica interface restructuring occurred from water contact as well, which indicates 
that water eventually penetrated the entirety of the plastic. 
5.3.2 10 wt% DEHP/PVC in Air and D2O 
5.3.2.1 Window Geometry: 10 wt% DEHP in Air 
First to refresh what the SFG spectra for pure DEHP involves: there are two major peaks 
at 2880 cm
-1
 and 2945 cm
-1
 belonging to CH3(s) and Fermi resonance vibrational modes, 
respectively, and a shoulder around 2860 cm
-1
 assigned to the CH2(s) mode of DEHP.  For 
mixtures of PVC and 10% DEHP by weight, the film/air interfacial ssp spectra on windows 
contain vibrational resonances from both PVC’s CH2(s) groups at 2915 cm
-1





.  The CH3(s) from PVC overlaps with the dominating CH3(s) signal from DEHP at the same 
wavenumber.  The addition of DEHP also yields a Fermi resonance signal (2945 cm
-1
), and a 
2865 cm
-1
 CH2(s) shoulder from DEHP can be resolved as well in Figure 5.4.  Again, ssp 
window spectra tell us that the surface in air is covered by both PVC and DEHP at 10 wt% 
DEHP loading.  Fitting results for 10 wt% DEHP on windows can be found in Table 5.4. 








5.3.2.2 Prism Geometry: 10 wt% DEHP in Air 
SFG spectra on prisms appear similar to those on windows (Figure 5.5) although the peak 
ratios of methylene to methyl groups are different in ssp versus ppp polarization. In the ssp 
spectrum, the CH3 peaks are about equally intense compared to PVC’s CH2 peak.  However in 
the ppp spectrum, the CH2(s) peak is much larger than the CH3 peaks.  
 
This trend can be explained once again, by fitting the SFG spectra with regards to Fresnel 
coefficient contributions and the known fitting parameters of the ssp signals in air from the 
windows spectrum.  As seen in Table 5.5, for the ssp prism spectrum in air, both interfaces 
contribute to the spectrum. As seen with the pure PVC sample, the silica/PVC interface 
Window in air, 10 wt% DEHP, ssp 
Assignment 10 wt% DEHP surface in air plastic/silica interface 
 cm
-1
 Aq Γq cm
-1
 Aq Γq 
CH/CH2 (PVC) 2860 - - - - - 
CH3 (s) (PVC) 2880 - - - - - 
CH2 (s) (PVC) 2915 21 10 - - - 
CH2 (as) (PVC) 2950 - - - - - 
CH2 (s) (DEHP) 2860 - - - - - 
CH3 (s) (DEHP) 2880 15 10 - - - 
CH3 (Fermi) (DEHP) 2945 14 10 - - - 
200 nm, Fssp,yyz=0.95, χnr=-0.4 
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contribution is small although it has a large Fresnel coefficient.  To demonstrate this, the Aq/Γq 
ratio of the CH2(s) peak at the air interface is 2.1 compared to -0.28 at the buried silica interface. 
 
Table 5.5. Spectral fitting results for 10 wt% DEHP in air in prism geometry for ssp 
polarization (left) and ppp polarization (right) combinations 
 
 However, in the ppp prism spectrum, the CH2(s) peak is much larger than the CH3 peaks, 
because only the silica/PVC interface contributes to the spectrum, according to the fitting results 
(Table 5.5, Aq/Γq ratios only generated for the buried interface).  On a mechanistic level, it makes 
sense that there are larger CH2 signals at this interface.  It is highly likely that the CH2 groups on 
the PVC chains are more ordered at the buried solid hydrophilic interface than the more 
hydrophobic CH3 groups on the small DEHP molecules. Once again, we have an opportunity to 
determine what happens to both the surface and buried interface of the plastic film from water 
Prism in air, 10 wt% DEHP, ssp Prism in air, 10 wt% DEHP, ppp 
 plastic surface in air plastic/silica interface      plastic surface in air         plastic/silica interface 
 cm-1 Aq Γq cm
-1 Aq Γq  cm
-1 Aq Γq cm
-1 Aq Γq 
CH/CH2 
(PVC) 
2860 - - - - - 
CH/CH2 
(PVC) 
2860 - - 2860 2.8 10 
CH3 (s) 
(PVC) 
2880 - - - - - 
CH3 (s) 
(PVC) 
2880 - - - - - 
CH2 (s) 
(PVC) 
2915 21 10 2915 -3.3 12 
CH2 (s) 
(PVC) 






2950 - - - - - 
CH2 (as) 
(PVC) 
2950 - - - - - 
CH2 (s) 
(DEHP) 
2860 - - - - - 
CH2 (s) 
(DEHP) 
2860 - - - - - 
CH3 (s) 
(DEHP) 
2880 15 10 2880 -1.0 10 
CH3 (s) 
(DEHP) 


















       
CHCl 
(PVC) 




FPVC/Air =0.66, FSilica/PVC=2.21, χnr=0, β=0, α=0 FPVC/Air =0.36, FSilica/PVC=2.40, χnr=0.4, β=3.14, α=-0.11 
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contact by inspecting both ssp and ppp spectra. Previous to water contact, we now know the 10 
wt% DEHP plasticized PVC surface in air is covered by both DEHP and PVC, while the PVC 
CH2 group dominates at the buried polymer/silica interface.    
5.3.2.3 Prism Geometry: 10 wt% DEHP in D2O 
Once the 10 wt% DEHP films on prisms were contacted to D2O, similar spectral trends as 
those with PVC contacted to D2O occur (Figure 5.7). Again, the 2915 cm
-1
 CH2(s) peak increases 
in intensity upon contact and then decreases over increasing contact time.  The CH2(s) peak also 
dominates both ssp and ppp spectra the entire 1.25 hours of D2O contact.  The major difference 
between pure PVC and the 10 wt% mixture in contact with D2O is the overall intensity of the 
CH2(s) peak.  Looking at the scale on Figures 5.6 and 5.7, it is obvious that the intensity of the 
2915 cm
-1
 peak is larger in the PVC phthalate mixture than the pure PVC in D2O for both ssp 
and ppp prism spectra.  This may indicate that the CH2(s) groups were ordered to a higher degree 
on the surface of the polymer mixture compared to the surface of the pure PVC sample.   
The fitting results for the ssp spectra in D2O upon water contact (Table 5.6) reveal that 
the dominant CH2(s) peak originates mainly from the polymer/water interface with an Aq/Γq ratio 
of 3.5 versus -0.28 at the buried silica/polymer interface.  We believe that the strong CH3 signals 
from the 10 wt% DEHP sample present in air before D2O contact, immediately disappear 
because of almost immediate disorder of the CH3 DEHP groups at the polymer/water interface.  
Most barely resolvable residual CH3 signals upon contact and increasing contact times are from 






Figure 5.7. SFG prism spectra of 10 wt% DEHP plasticized PVC in D2O over increasing 
contact time from first contact to 1.25h.  On the left is the ssp spectra series and the right 
the ppp series.   
 
Then, by studying the fitting results for the ppp spectra of 10 wt% DEHP in D2O, we can 
see that both interfaces contribute to the spectrum. In Table 5.6, Aq/Γq ratios for 2860, 2880, 
2945, and 2970 cm
-1
 peaks are only generated from the buried silica interface. However, the 
strong 2915 cm
-1
 peak mainly arises from the PVC/water interface with an Aq/Γq ratio -3.5 versus 
1.1. Particular attention should be focused on the signs of the CH2(s) mode.  The signs of the 
signals at the PVC/water interface (-42) and the silica/PVC interface (13) are opposite, indicating 
the absolute orientations of these functional groups at the two interfaces are different. On one 
side the functional groups are pointing up and on the other they are pointing down.  Once again 
we can conclude that the addition of water increases and then decreases CH2 ordering of the PVC 
molecules at the water interface, and that the CH3 molecules from DEHP at this interface are 
almost instantly disordered. 
























































Table 5.6. Spectral fitting results for 10 wt% DEHP in D2O in prism geometry for ssp 
polarization (left) and ppp polarization (right) combinations 
Prism in D2O, 10 wt% DEHP, ssp Prism in D2O, 10 wt% DEHP, ppp 
 plastic/water interface plastic/silica interface  plastic /water interface plastic/silica interface 
 cm
-1
 Aq Γq cm
-1
 Aq Γq  cm
-1
 Aq Γq cm
-1
 Aq Γq 
CH/CH2 
(PVC) 
2860 4.0 10 2860 - - 
CH/CH2 
(PVC) 
2860 - - 2860 2.8 10 
CH3 (s) 
(PVC) 
2880 - - - - - 
CH3 (s) 
(PVC) 





42 12 2915 (2916) -3.3 12 
CH2 (s) 
(PVC) 






2950 - - - - - 
CH2 (as) 
(PVC) 
2950 10 15 - - - 
CH2 (s) 
(DEHP) 
2860 - - - - - 
CH2 (ss) 
(DEHP) 
2860 - - - - - 
CH3 (s) 
(DEHP) 
2880 - - 2880 (2881) -1.0 10 
CH3 (s) 
(DEHP) 

















2955 3.8 7 2955 - - 
CHCl 
(PVC) 
2970 - - 2970 1.6 7 
FPVC/Water =2.56, FSilica/PVC=0.95, χnr=0.1, β=0, α=-0.11 FPVC/Water =2.50, FSilica/PVC=1.15χnr=0.1, β=3.14, α=-0.11 
 
5.3.2.4 Window Geometry: 10 wt% DEHP in Air after Water Contact 
The windows spectrum of 10 wt% DEHP film/air interface after water contact is found in 
Figure 5.4.  The ssp window spectrum appears remarkably similar to the film/air interface before 
water contact except for one element: the DEHP CH3 to PVC CH2 peak intensity ratio.  After 
water contact, the 2880 cm
-1
 peak is always lower in intensity than the 2915 cm
-1
 peak.  This is 
in comparison to before water contact, when the peak ratios are almost evenly matched. This 




5.3.2.5 Prism Geometry: 10 wt% DEHP in Air after Water Contact 
For ssp spectra on prisms, the opposite peak ratio trend holds true (Figure 5.5).  The 2880 
cm
-1
 peak increases in intensity in comparison to the 2915 cm
-1
 peak after water contact.  This 
change in trend can be easily justified. An increase in molecular disorder on the surface of the 
film with minor changes to the buried silica/PVC interface or increased ordering at the buried 
interface may result in a larger CH3 to CH2 intensity ratio after water contact. This means once 
again that some form of irreversible molecular surface reorientation occurred.  And for the prism 
ppp spectrum, which only contains signals from the buried interface, we can conclude that some, 
but not many ordering changes occurred.   There is a slight change in the CH3 to CH2 intensity 
ratio after water contact, with an increase in the CH3 intensity, which corroborates the 
conclusions with the ssp prism spectra in that the CH group reordering changes on the surface of 
this PVC system were much larger than the changes at the buried silica/film interface.   
To summarize, the surface of 10 wt% DEHP plasticized PVC in air is covered by both 
DEHP and PVC functional groups but the buried polymer/silica interface is dominated by PVC 
methylene groups. The CH3 groups of DEHP are disordered almost immediately upon water 
contact and as a function of time, PVC surface order decreases. After removing the 10 wt% 
DEHP plasticized PVC from water, there was only partial recovery of surface methyl groups 
likely due to loss of molecules and/or permanent surface restructuring. Minor restructuring 
behavior of the buried polymer/silica interface was also observed.      
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5.3.3 25 wt% DEHP/PVC in Air and Water 
5.3.3.1 Window Geometry: 25 wt% DEHP in Air 
As previously reported, the SFG ssp window spectrum of the PVC/DEHP mixture in air 
contains signals assigned to both PVC and DEHP functional groups, with DEHP molecules 
dominating the surface, and will not be discussed further here (Figure 5.4).
16,40
  Fitting results for 
the window geometry can be found in Table 5.7. 
5.3.3.2 Prism Geometry: 25 wt% DEHP in Air 
Once again, the spectra in air on prisms are quite different from the ssp spectra on 
windows as seen in Figure 5.5.  In the ssp spectrum, the 2915 cm
-1
 peak is much larger than the 
2880 and 2945 cm
-1
 peaks whereas in the ppp spectrum the 2915 cm
-1
 peak is only slightly larger 
than the methyl resonances.  This time, the fitting results indicate that both the air and buried 
silica interfaces contribute to ssp spectra, but the silica/PVC interface dominates the spectrum 
(Table 5.8).  Here, the CH2(s) Aq/Γq ratio in air is -2, and 5.7 at the buried silica interface.  Once 
again, this indicates that the PVC methylene groups are more ordered at the hydrophilic silica 










Table 5.7. Spectral fitting results for 25 wt% DEHP in air in window geometry 
 
In contrast, the ppp spectrum only contains signals from the PVC/silica interface which 
originate from both PVC methylene groups and DEHP groups.  This case is clearly different than 
pure PVC and 10 wt% DEHP, where we were still able to generate information mainly from the 
surface in ssp polarization.  Here, most information arises from the buried interface in both ssp 
and ppp spectra, which will be very important in our analysis of water penetration into the film 










Window in air, 25 wt% DEHP, ssp 
 25 wt% DEHP surface in air plastic/silica interface 
 cm
-1
 Aq Γq cm
-1
 Aq Γq 
CH/CH2 (PVC) 2860 - - - - - 
CH3 (s) (PVC) 2880 - - - - - 
CH2 (s) (PVC) 2915 -20 10 - - - 
CH2 (as) (PVC) 2950 - - - - - 
CH2 (s) (DEHP) 2860 (2865) 10 10 - - - 
CH3 (s) (DEHP) 2880 24 7 - - - 
CH3 (Fermi) (DEHP) 2945 (2944) 23 7 - - - 
200 nm, Fssp,yyz=0.95, χnr=-0.4 
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Table 5.8. Spectral fitting results for 25 wt% DEHP in air in prism geometry for ssp 
polarization (left) and ppp polarization (right) combinations 
 
5.3.3.3 Prism Geometry: 25 wt% DEHP in D2O 
The ssp prism spectrum of 25 wt% DEHP upon contact with D2O shows the appearance 
of an intense 2915 cm
-1
 CH2(s) peak (Figure 5.8).  A second strong peak at 2950 cm
-1
 in ssp 
spectra is also present, which is assigned to the CH3(s) Fermi resonance.   However, after 30 min 
of water exposure, almost no peaks can be resolved.  This indicates that either the plastic surface 
first became highly ordered and then disordered, or that multiple interfacial signals are initially 
observed, and then disappear with increasing water contact time.  
Prism in air, 25wt% DEHP, ssp Prism in air, 25 wt% DEHP, ppp 
 plastic surface in air       plastic/silica interface  plastic surface in air plastic/silica interface 
 cm
-1
 Aq Γq cm
-1
 Aq Γq  cm
-1
 Aq Γq cm
-1
 Aq Γq 
CH/CH2 
(PVC) 
2860 0 - - - - 
CH/CH2 
(PVC) 
2860 - - - - - 
CH3 (s) 
(PVC) 
2880 0 - - - - 
CH3 (s) 
(PVC) 
2880 - - - - - 
CH2 (s) 
(PVC) 













2950 0 - - - - 
CH2 (as) 
(PVC) 








































2944 - - 2945 25 12 
       
CHCl 
(PVC) 
2967 - - 2967 4 7 




Figure 5.8. SFG prism spectra of 25 wt% DEHP plasticized PVC in D2O over increasing 
contact time from first contact to 1.25h.  On the left is the ssp spectra series and the right 
the ppp series.  The spectral fits of the peaks upon water contact are represented as black 
lines. 
The ssp spectrum obtained upon initial water contact (Table 5.9) can be fit with the 
parameters of the buried interface in air.  As such, we believe that the plastic’s surface ordering 
is destroyed right after contacting water.  With increased plasticization from the DEHP 
molecules, the water quickly diffused to the buried interface and destroyed silica/PVC interfacial 
ordering as well.  This conclusion is supported by ppp spectra as well. 
The ppp spectrum upon water contact was fit well with contributions from the buried 
silica interface and weak surface signal contributions from the water interface (Table 5.9), 
agreeing with the observation of the disappearance of the ssp plastic surface signals immediately 
after water contact.  The ppp SFG signal also decreases as a function of increasing contact time, 
which means the silica/PVC interfacial ordering must be destroyed due to increased water 






























































diffusion through the plasticized polymer film. Again, because the plasticizer bulk content is 
high in this sample, the water can more easily diffuse through the film.  
5.3.3.4 Window Geometry: 25 wt% DEHP in Air after D2O Contact 
The trends in changes to CH3 to CH2 peak ratios in plasticized PVC due to water contact 
can be more clearly observed with the ssp window spectrum of 25 wt% DEHP in air after water 
contact (Figure 5.4).  Before water contact, the CH2(s) peak of PVC is observed as a shoulder in 
the 25 wt% DEHP mixture.  After water contact, however, a clear large 2915 cm
-1
 peak is 
present.  This again suggests that there may have been functional group reorientation and/or loss 
















Table 5.9. Spectral fitting results for 25 wt% DEHP in D2O in prism geometry for ssp 
polarization (left) and ppp polarization (right) combinations 
Prism in D2O, 25 wt% DEHP, ssp Prism in D2O, 25 wt% DEHP, ppp 
 plastic/water interface plastic/silica interface  plastic/water interface   plastic/silica interface 
 cm
-1
 Aq Γq cm
-1
 Aq Γq  cm
-1
) Aq Γq cm
-1





2860 - - - - - 
CH/CH2 
(PVC) 





2880 - - - - - 
CH3 (s) 
(PVC) 




















2950 0 - - - - 
CH2 (as) 
(PVC) 







-1 - 2860 (2865) 5.9 10 
CH2 (s) 
(DEHP) 






























2945 -2.5 12 2945 25 12 
       Unassigned 2967 -3.2 7 2967 4 7 
       
CHCl 
(PVC) 
2975 1.0 7 2975 - - 
       
O-D 
vibration 
2570 600 50 2570 - - 
       
O-H 
vibration 
3200 200 100 3200 - - 
FPVC/Water =2.56, FSilica/PVC=0.95, α=-0.11, β=0, χnr=0.0 FPVC/Air =2.50, FSilica/PVC=1.15, α=-0.11, β=0, χnr=0 
 
5.3.3.5 Prism Geometry: 25 wt% DEHP in Air after D2O Contact 
Prism ssp spectra reveal again, only very small changes before and after water exposure 
(Figure 5.5).  Since it was found that the silica/polymer interface dominates ssp spectra with this 
sample type, we believe that there were only small ordering changes at this buried interface.  The 
spectrum of ppp prisms after water exposure slightly changes.  Recall for ppp prism spectra, the 
buried silica interface completely dominates the spectrum.  The buried solid interface must 
undergo slight irreversible ordering changes from water contact. It is now known that both the 
surface and the bottom of this plastic film were altered from water contact. It is interesting that 
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this film has roughly the same thickness as the other two sample types (~200 nm), but the signal 
contributions from the film surface versus buried interfaces are different for the 25 wt% DEHP 
prisms in air and D2O compared to the pure PVC and 10 wt% DEHP samples.  It can be 
reasonably concluded that this occurs because the material with 25 wt% DEHP is intensively 
plasticized, compared to the other two samples.  The increased plasticizer content increases the 
free volume within the polymer matrix, therefore changing the dynamic reordering behavior of 
the C-H functional groups at the two interfaces.  
Nevertheless, the results demonstrated that the surface of the 25 wt% DEHP plasticized 
PVC underwent dramatic surface restructuring in water. Both the surface and the buried 
polymer/silica interface became disordered in water. After the water was removed from the 
sample, the surface structure did not completely recover.   For both plasticized samples, it is not 
yet clear if the surface signal changes after water contact are due to phthalate or PVC surface 
reorientation, disorder, or loss of phthalates on the surface to water.  As the next section of this 
discussion reveals, all of those behaviors may have occurred.   
5.3.4 Phthalate Disorder and Leaching 
To test the stability of phthalates in PVC/plasticizer mixtures due to contact with water, 
phthalate-leaching experiments were conducted.  For these experiments, a PVC film containing 
45 wt% DEHP was contacted to D2O for about 1.5 hours.  The D2O droplet was then contacted 
to a new clean polymer surface (PS-d8) and SFG spectra were obtained at the PS-d8 interface.  
The SFG spectra of the clean deuterated polystyrene polymer surface before, during and after 
“dirty” D2O contact can be seen in Figure 5.9.  With this system there is no worry about 
interfacial signal interferences due to the fact that any deposited molecules will not form a thick 
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enough film where interface interference will occur, and that the deposited PS-d8 yields no SFG 
signal in the CH stretching frequency range of interest.   
Upon immediate contact with the “dirty” D2O, spectral shapes significant of DEHP at the 
D2O/polymer interface are observed. The unique shape of the three major peaks at the PS-





, and 2935 cm
-1
, rather than at the normal frequencies located 10 cm
-1
 
higher.  We found this same frequency shift trend with a solution of known concentration of 
DEHP in D2O contacted to a PS-d8 sample (data not shown), confirming that indeed phthalate 
molecules transferred from the plastic matrix to the water even though the molecules are 
considered hydrophobic in nature.   
 
Figure 5.9. SFG prism ssp spectra of PS-d8 film contacted with “dirty” D2O containing 
phthalate molecules for up to 20 minutes and the resulting spectra of the PS-d8 air interface 
after removal of the D2O.  The two black lines are provided for reference and centered at 
2880 and 2945 cm
-1
. 










































In addition, there are observed trends in phthalate reordering over time, with decreasing 
signal at the water/polymer interface, suggesting either disorder or adsorption into the PS matrix.   
Once the D2O was removed and the surface was air-dried, a clear peak at 2880 cm
-1
 and a peak 
around 2945 cm
-1
 remain at the polymer/air interface.  To make sure the signals observed were 
not from the D2O or PS-d8 itself, the experiments were not only repeated numerous times but 
conducted using pure D2O as blank experiments.  No signals were observed for the blank 
experiments.  Attempts to observe the leaching of phthalates from plastic films using FTIR and 
ATR-FTIR were unsuccessful (see Figure 5.10 for FTIR results before and after water contact), 
which indicates that the amounts of leached phthalates were too low to be detected using these 
traditional spectroscopic techniques.   























 PVC Before                 25 wt% DEHP Before
 PVC After                    25 wt% DEHP After  
 
Figure 5.10.  FTIR spectra obtained before and after water contact for pure PVC (black 
and red lines, respectively) and 25 wt% DEHP (blue and green lines, respectively). 
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To elaborate briefly on the FTIR results, first looking at FTIR spectra of the 25 wt% 
DEHP plasticized sample, it is obvious that not many spectral changes are observed between 
spectra obtained before and after water contact and air drying.  Therefore, the amount of DEHP 
that leached from the sample was too small to observe with FTIR.  Interestingly, in the lower 
frequency region for pure PVC, hardly any signal differences are observed before and after water 
contact, but there are some obvious signal intensity differences across the C-H region of spectra.  
There are two likely scenarios for the decrease of C-H signals.  It is possible that some small 
contaminants or smaller fragments of PVC chains were removed from water contact.  And/or, the 
process of water penetrating the PVC film changed the density of the film itself, yielding slightly 
different FTIR signals.   
The phthalate leaching studies demonstrate that the surface phthalate molecules were not 
stable upon contact with water even at relatively “short” contact times, and help explain the 
differences in peak ratios between CH3 and CH2 groups on windows after water contact.  DEHP 
molecules were likely disordered, and some molecules were removed from the water contact.  
Like most water/polymer SFG studies, the movement of functional groups at the surface likely 
occurred due to drives to lower the interfacial free energy of the system. 
5.4 Conclusions 
 In this Chapter, the molecular effects of water contact on pure and plasticized PVC 
surfaces were studied in situ using SFG spectroscopy.  First it was found the surface end CH3 
molecular groups on pure PVC were instantly disordered upon water contact and the dominating 
CH2 groups disordered in water over increasing exposure time.  Addition of 10 wt% DEHP 
changed the surface structure in air and upon water contact, yielding increased CH2 and CH3 
disorder with increased water exposure time. All surface C-H molecular groups on PVC with 25 
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wt% bulk DEHP disordered almost immediately with water contact.  Eventually, water migrated 
through the plastic bulk of all the films to reach the buried substrate/polymer interface, where 
water induced CH group disorder.  This was most clearly observed with the 25 wt% DEHP 
sample, which indicates that more water penetrated this film than the other two sample types.  
After removal from water and drying in air, all films demonstrated irreversible surface functional 
group changes.  For the first time, through SFG-based leaching tests, it was found that the 
phthalate molecules are capable of transferring into D2O and can be transferred from D2O to 
reorganize and reorient on new surfaces very quickly (in minutes).  It is believed that the DEHP 
molecules transferred onto water in contact with a plasticized PVC surface remain mostly on the 
surface of the water to transfer quickly to new surfaces.  Irreversible buried interface reordering 
was also observed.  
During this study, it was found that SFG spectra obtained in prism geometry appeared 
different from spectra taken in window geometry.  It was determined that the spectra obtained in 
window geometry in air only contained signals from the air interface. Using a deconvolution 
analysis and the fitted parameters of the window spectra, we quantified the spectral contributions 
from the buried polymer/silica interface in the prism spectra. It was concluded that prism SFG 
signals generated from different samples originated from different interferences (either surface 
signal dominated, buried interface dominated, or both interfacial signals contributed to spectra, 
depending on the plastic type and the experimental environment).   We therefore were able to 
generate a very good understanding of molecular ordering changes from water contact at the 
polymer/water and polymer/silica interfaces at the same time.  The molecular changes to both the 




Table 5.10. Description of molecular changes to plastics at the water/plastic interface and 
plastic/optical substrate interface during water contact 
 
PVC 10 wt% DEHP 25 wt% DEHP 
Plastic/Water 
Interface 
• ~Instant CH3 disorder 
• Initial ↑ then gradual ↓ in PVC 
CH2 order 
• Some  C-H order remains at 
1.5h 
• ~Instant DEHP CH3 disorder 
• Initial ↑ then gradual ↓ in 
CH2 order (CH2 more ordered 
than in pure PVC) 
• CH2 remains ordered at 1.5h 
• ~Instant surface disorder 





• Gradual CHCl disorder 
• CH3/CH2 changes unclear 
• CH2 point in opposite 
direction of CH2 on surface 
• Gradual water penetration 
• Some DEHP CH3 remains 
ordered at 1.5h 
 
• Water penetrates film 
quickly 
• Gradual ↓ in order of all 
C-H groups from water 
• Little C-H order remains 
at 1.5 h 
 
 
More importantly, this method of analysis aids in explaining a signal phenomenon in the 
SFG field where SFG studies of polymers yield different spectral signals under different sample 
geometries.  Through quantitative analysis we have proven that in some cases, SFG prism 
spectra of thin films are different than window spectra not because of bulk signal contribution, 
but because of multi-interface signal convolution.  This analysis can be applied to many other 
thin-film systems analyzed using SFG to identify the interfacial origins of SFG signals and/or 
study molecular group behaviors at two interfaces simultaneously.   
Lastly, the films studied were simple models of PVC plastics, but it is well known that 
many PVC plastics contain leached plasticizers present on surfaces available to contact water.  
Therefore, the results from these studies suggest that when real PVC plastics are contacted with 
water, the molecular surfaces of the plastics may change drastically and if plasticizers are present 
on the surface, small amount of plasticizer molecules may escape from the plastic and 
permanently transfer to other surfaces through water contact. Thus, this transfer process has the 
potential to occur every time a plastic containing surface phthalates comes into contact with 
water.  Small amounts of phthalates can be transferred from plastic surfaces into water many 
162 
 
times over the plastic lifetime and the cumulative events have the potential to transfer many 
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MOLECULAR INTERACTIONS OF NONYLPHENOL WITH 
PLASTIC UNDER MODEL ENVIRONMENTAL CONDITIONS 
6.1 Background and Motivation  
The research in Chapter 6 changes from studying molecular behaviors of a specific 
plastic type to investigating how prominent environmental toxins may interact with hydrophobic 
plastic surfaces under different ecological platforms, mainly dry land versus the headspace above 
a body of fresh water.  SFG was used to probe the surfaces of common hydrophobic plastic 
poly(styrene) (PS) during and after exposure to gas phase environmental toxin molecules 
nonylphenols (NP)s.  The role of water on the deposition of toxins was studied with SFG, ATR-
FTIR, and QCM.  In addition, a new SFG sample stage setup was developed to study gas-phase 
deposition and/or reactions on surfaces.  This research was performed as part of a 
multidisciplinary effort at the University of Michigan to elucidate the effects of microplastics on 
the ecological health of the Great Lakes, led by research scientist Dr. Melissa Duhaime.   
Two major factors in understanding how microplastics influence biota in the great lakes 
involve quantifying and cataloging microbial communities supported by microplastics, and 
gathering information on how/what local toxins deposit and desorb from the plastics under 
different conditions including lake water, atmosphere, and inside living organisms.  The 
presented research here aims to start addressing the latter factor.  Here one type of model toxin of 
interest is studied in detail.  This category of toxin, the nonylphenols (NPs), has not only been 
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prominent in the Great Lakes for decades, but NPs have similar physical properties and 
molecular structures to many other categories of toxins found in the Lakes’ ecosystems. The 
following paragraphs explain in more detail the impact of NP on the Great Lakes, our model of 
study, and the intent of the research. 
NPs are a class of endocrine disrupting alkylphenols manufactured industrially at large 
volumes as precursors and additives for a wide variety of products including industrial 
detergents, emulsifiers, paints, lubricants, personal care products, and nonionic surfactants. 
1,2
 
NPs are acute and chronic toxicants for aquatic organisms and highly suspected human 
reproductive toxicants. NP structure varies from a linear nine carbon alkyl chain to branch 
conformations off of a phenol ring.  (See Figure 6.1 for a structure of a generic NP isomer.)  
Industrially, no single isomer of NP is utilized for surfactant production and a mixture of isomers 
can be found in both manufactured products and natural environments including aquatic 
ecosystems, agricultural and urban environments.
3-7





Figure 6.1. 4-nonylphenol molecular structure of a branched isomer. 
In 2014, due to the proliferation of NPs in natural aquatic ecosystems and the molecule’s 
potential adverse effects on the environment, the EPA added the category of nonylphenols to the 
Toxic Release Inventory list of reportable chemicals, officially highlighting these molecules as a 
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danger to aquatic organisms and adding mandated action plans to reduce NP production and 
evaluate NP sources.
10
  NPs also appear on many pharmaceuticals and personal care products 
indicator lists as marine endocrine disruptors and xenoestrogens.  Correlations between the 
feminization of male fish with NP environmental exposure indicate that NP potentially poses a 
large threat to the reproduction of fish species.  Ecosystems especially of concern are watersheds 
where large volumes of NPs may collect after manufacturing, production, and use.
3
  As can be 
expected, the Great Lakes in the United States meet such criteria.  Here, not only are ppm levels 
of NP and other alkylphenol concentrations reported in and above river estuaries, in the surface 
waters of Great Lake basins and in wastewaters, but there exist artificial sinks in the form of 
microplastics for NPs to adsorb and/or transfer through different ecosystem platforms.
4,11-17
  
These microplastics, which often originate from personal care product waste, synthetic 
clothing, consumer waste products, and industrial plastic manufacturing, are most commonly 
found in the epipelagic (surface) layer of the water column.  The low density of the plastic 
materials allows for buoyancy, and thus microplastics can provide large surface areas for toxin 
adsorption at the water/air interface.  Collected microplastics from marine water systems have 
been previously reported to contain NP and endocrine disruptor toxins with similar Kow values to 
NPs such as phthalates, bisphenol A and PCBs.  However, freshwater microplastics remain 
comparatively less studied.
15,18-24
   
The lack of information on freshwater microplastics does not indicate that there are no 
scientists researching the impacts of microplastics on freshwater ecosystems.  Rather, this field is 
much newer, and many studies are in their infancy.  Currently, determining the role of these non-
native materials in toxin collection and subsequent release in local biota is an increasingly 
popular field of study.
25-27
  As of yet, little is currently understood as to the behaviors of toxin 
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deposition, adsorption, and desorption on microplastics.  This includes knowledge of where and 
how toxins like NP may deposit on these artificial sinks and the permanence of such deposition.  
Information beyond basic applied and theoretical adsorption studies generated from Kow values 
of toxin and surface energies of plastics is greatly lacking.
18
  
In this Chapter, SFG studies reveal that the headspace above calm (fresh) water provides 
an excellent environment for NP deposition onto poly(styrene) plastic surfaces.  NP is studied as 
an environmentally relevant model toxin, and PS as a model hydrophobic plastic. Experiments 
were designed to mimic the addition of a new NP point source under an environment consisting 
of a microplastic floating on a freshwater lake surface at warm temperatures, and a microplastic 
located on land under dry and warm conditions as closely as possible.  To validate our 
Laurentian model, a set of experiments used water collected from Lake Erie spiked with a known 
concentration of nonylphenol. In this manner, we demonstrate that even a calm environment 
(lack of waves and/or high winds) may result in gaseous phase NP deposition on plastic. 
In addition, we surmise that humidity can dramatically affect how NP molecules deposit 
on plastic surfaces and aim to show that deposition may occur differently on plastics over land 
mass rather than water or in high humidity environments.  We demonstrate different NP 
deposition behaviors depending on humidity and study the presence of interfacial water on 
plastics during the deposition.  Lastly, we test the permanence of NP deposition on PS under 
humid or dry environments by adding agitating factors after deposition including exposure of the 
plastic with toxin to clean air and to moving water.  Once again, SFG is the analytical tool of 
choice for the main experiments, probing the gas-phase deposition of NP on plastics in situ in 
real time. SFG has been proven well suited to study the in situ deposition and ordering of toxins 
on plastics at a molecular level in real time.
28-30
  Additionally, SFG is capable of yielding key 
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insights into how molecules deposit and re-order during and after deposition processes.
31-36
  
Lastly, this Chapter also presents a new sample chamber designed to study gas-phase 
adsorption/desorption and reactions at interfaces under standard atmospheric conditions, applied 
vacuum, or regulated vapor generation.  The basis for this setup follows traditional SFG sample 
chambers previously used for high pressure experiments.
37
 By combining information from SFG, 
quartz crystal microbalance (QCM), and attenuated total internal reflectance-Fourier transform 
infrared spectroscopy (ATR-FTIR) measurements, the effects of plastic surface structure, water 
content, and environmental factors on the quantity and ordering behaviors of NP molecules 
adsorbed and desorbed from plastic surfaces were determined. 
6.2 Experimental Methods 
6.2.1 Materials 
Deuterated Poly(styrene) PS-d8 (Mw 198000; Mn 165000) and poly(ethylene 
terephthalate) PET-d4 (Mv 72000; Mw/Mn broad) were obtained from Polymer Source Inc 
(Dorval, QC Canada).  Solvents toluene ≥99.3% purity, 2-chlorophenol (99+%) and deuterium 
oxide (99.9% atom D) were obtained from Sigma Aldrich (St. Louis, MO).  4-nonylphenol 
(analytical standard, technical mixture, CAS 84852-15-3) was purchased from Fluka (St. Louis, 
MO). All chemical materials were used as received.   
6.2.2 Sample Preparation 
Right angle calcium fluoride prisms (Altos Photonics) were utilized for SFG 
measurements and were cleaned with a Contrex soap solution, rinsed with deionized water 
(Millipore), dried with a stream of nitrogen gas (N2) and then exposed to glow discharge air 
plasma for 4 min with a PE-50 series Plasma System (Plasma Etch, Inc.).  Zinc selenide (ZnSe) 
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crystals were used for ATR-FTIR experiments and were cleaned using an Alconox soap solution, 
water, ethanol, acetone, deionized water (Millipore), dried with a stream of nitrogen gas and 
exposed to air plasma for 1 min.  10 MHz quartz crystals, etched surface, Au electrode 
(International Crystal Manufacturing) were used for QCM experiments and crystals were 
immersed in toluene, extensively rinsed with toluene and ethanol, and then dried with a stream of 
N2 for at least 5 min prior to film deposition. 
1.5 wt% solutions of PS-d8 were prepared with toluene in glass vials to prepare the plastic 
thin films. Solutions were mixed using a vortex mixer (Vortex-Genie 2T, Scientific Industries 
Inc.) until clear.  A P-6000 spin coater (Speedline Technologies) was used to prepare all plastic 
films.  Samples were spin coated at 3000 rpm for 30 s on calcium fluoride prisms for SFG 
experiments, at 2000 rpm for 40 s on a ZnSe crystal for ATR-FTIR experiments, and at 1500 
rpm for 30 s on quartz crystals for QCM experiments.  All films were prepared one day prior to 
experiments.  After films were prepared on optical substrates, a stream of N2 was applied for 3-5 
min to help remove trapped solvent.  Prepared substrates were then placed in a clean petri dish 
purged with N2 which was put in a chemical hood overnight.  The day of SFG, ATR-FTIR, or 
QCM experiments, N2 was again applied to plastic films for 2-3 min to ensure solvent removal.  
Deuterated polymer was utilized to avoid spectral overlap of toxin and plastic for SFG 
experiments, and the same polymer was utilized for ATR-FTIR and QCM experiments for 
consistency.   
6.2.3 Experimental Chamber Preparation 
To prepare the experimental chamber for SFG experiments, extensive cleaning steps were 
performed 1 day prior to analysis.  The two glass pieces (top and bottom of the chamber) were 
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cleaned as follows: washed with Contrex soap solution, rinsed with deionized water, rinsed with 
methanol, ethanol, and then ~1L Millipore water before drying with nitrogen gas.  The quartz 
windows (SPI Industries) were cleaned with Contrex soap solution, deionized water, quickly 
rinsed with methanol, ethanol, and Millipore water, dried with nitrogen gas, and then further 
cleaned by application of glow discharge air plasma for 2 min on both sides of the quartz 
windows.  The screw cap and o-ring were cleaned with Contrex soap solution, deionized water, 
ethanol, and rinsed with Millipore water before drying with nitrogen gas.  After all parts were 
cleaned, the chamber windows were assembled using silicone-free polyimide tape and the 
chamber was placed on clean room paper and covered with plastic to prevent contamination. The 
prism holder and optic pole were cleaned the day of analysis.  The prism holder was cleaned in 
the same manner as the two glass chamber pieces.  The optic pole was cleaned with ethanol and 
Millipore water and then dried.   
6.2.4 Instrumentation  
6.2.4.1 SFG 
 
The details of SFG theory and experimental setup have been extensively outlined in the 
introduction Chapter of this thesis and elsewhere.
32,40,41
 SFG has been widely applied to gather 
molecular-level information of a variety of surfaces and interfaces like plastics exposed to model 
environmental conditions and in aqueous environments.
28-30,38-41
 The SFG experiments were 
taken using ssp and ppp polarization combinations.  The surface area of analysis is 
approximately 0.19 mm
2
, ideal to model the appropriate surface area of a microplastic. All 
presented SFG spectra in this Chapter were normalized to the intensity of the visible and IR 
beams except for water spectra (Figure 6.11) which were normalized to visible only to avoid 
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creating false peaks. All spectra were obtained with a short pass 532 nm filter placed in the 
signal beam path to block visible light scattering from the detector.  The spectra obtained in D2O 
(Step 3 of SFG experiments) were not corrected for changes in Fresnel coefficients.  Details on 
SFG setup for these particular experiments can be found in the next section as well.     
6.2.4.2 ATR-FTIR 
ATR-FTIR experiments were performed on PS-d8 to further study the presence of 
interfacial water (water on the plastic surface) during nonylphenol deposition under humid 
conditions. FTIR spectra were obtained on a Nicolet 6700 spectrometer with a golden gate 
trough-style ATR accessory stage. A ZnSe ATR prism coated with PS-d8 was used as 
background.   
6.2.4.3 QCM 
The QCM instrument was an RQCM, Model 246H (Maxtek, Inc., Cypress, CA).  The 
Maxtek RQCM data logging software from Inficon was used during data collection.  Post 
collection, frequency data was converted to mass according to the well-known Sauebrey 
equation using OriginLab 9.0.  The plotted mass shown in the paper was normalized to the 
surface area of the prism utilized for SFG, (0.25 in
2
). 
6.2.5 Experimental Details 
6.2.5.1 SFG Chamber Setup Details 
The custom made sealed chamber system used at the SFG sample stage was held at 
ambient conditions and consisted of glass with two 1 mm thick quartz windows to allow 
penetration of input and output laser beams (Figure 6.2).  Windows were held on with silicone-
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free 3M polyimide tape applied to the outer edges of the windows as previously mentioned. No 
vacuum or external gases were applied to the chamber and gas inlet and outlet were sealed 
during SFG experiments.  Prisms were held film-face down in a custom made sample holder 
open to air.  The prism holder was attached to the lid of the chamber using an o-ring and as such 
the bottom of the chamber could be easily removed without disturbing the placement of the 
prism.  To seal the bottom of the chamber to the top, the edges of the flanged glass were pinned 
shut with metal clips.  Prisms were set to hang 3 mm above the toxin source which was applied 
to the floor of the chamber for all experiments (see experimental diagram).  To check the 
integrity of deuterated plastic films, prisms were placed inside the clean chamber and spectra 
were obtained “in situ” under normal conditions prior to adding toxin.  Standardized experiments 
to quantify the loss of spectral signals from absorption by the quartz windows revealed about a 








Figure 6.2. (Left) Picture of chamber set up on the SFG sample stage.  Here, the prism with 
spin coated plastic is held above a toxin point source on the bottom of the chamber.  Note 
that the quartz windows and some metal clips have been removed for image clarity.  





6.2.5.2 Model Deposition of NP on Plastics Under Dry Environments 
For all SFG experiments, prisms were placed inside the sealed custom made sample 
chamber at ambient conditions.  To test the deposition of gaseous phase NP on polystyrene 
plastic under “dry” conditions, three droplets of NP (~50 µL) were added to the bottom of the 
chamber directly underneath the prism with PS-d8 plastic film.  A needle was used to spread the 
NP across the bottom of the chamber to an area of ~1 cm
2
.  Under these conditions, the 
maximum concentration of NP in air is ~1 ppm.  Due to the low volatility of NP, the experiments 
model a case where a plastic is exposed to a new point source of NP under dry conditions. 
The experiment consisted of four main steps:  1. ~3 min after the bottom chamber was 
prepared with NP, it was re-attached to the top of the chamber and SFG spectra were obtained as 
soon as the chamber was secured.  The sample was left in the chamber for a total of 2.5h.  2. The 
bottom half of the chamber was removed and the prism exposed to lab air for 1h.  3. ~1 mL of 
D2O in a clean Teflon holder was pushed upwards to touch the plastic film using a lab jack for 
30 min.  A small stir bar was run at 125 rpm to agitate the system.  4. The D2O was lowered and 
the plastic film was again exposed to lab air for 1h.  SFG spectra were obtained in situ in all 
conditions, and in this manner we were able to develop insights into how NP molecules deposit 
on plastics under dry conditions, and test the permanence of deposition after the plastic has been 
exposed to different agitating environments (clean air, moving water, and air again).    All 
experiments were conducted with a room humidity of 19-21%.   
6.2.5.3 Model Deposition of NP on Plastics Under Humid Environments 
SFG experiments for the deposition of gaseous phase NP on PS-d8 under humid 
conditions were completed in an identical manner to the dry condition experiments, except that 
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the pure NP droplets were substituted with 3 mL of a super saturated (micelle) 100 ppm solution 
of NP in D2O (H2O was used in separate interfacial water ordering studies).  The plastic film was 
placed 3 mm above the toxin source (water surface). Under these humid model conditions, the 
maximum concentration of NP is estimated to be much lower (9 ppt) due to the competing 
evaporation of water.  These sets of experiments allowed us to better understand how NP 
interacts with plastics that exist just above a water surface or under very humid conditions (i.e. 
plastic particles that float on a body of water) and how the addition of humidity can alter toxin 
deposition on plastics. 
To visually summarize the setup for SFG experiments, an experimental diagram outlining 
the 4 steps can be seen below in Figure 6.3: 
 
 
Figure 6.3. SFG experimental setup: 1. Plastic surface is introduced to gas phase NP 
molecules either by placing neat NP or NP/D2O mixture under optical prism for 2.5h; 2. 
Chamber containing NP or NP/D2O is removed and plastic is exposed to clean air for 1h; 3. 
To agitate system, plastic is contacted to D2O stirred at 125 rpm for 30 min; 4. Water is 




6.2.5.4 QCM Experimental Details 
To gain an estimate on the mass of NP molecules deposited on PS-d8 under both dry and 
humid situations, QCM experiments were conducted in a similar manner to steps 1-2 of SFG 
experiments using a custom made crystal holder that fit exactly in the experimental chamber.  
Baseline QCM frequencies were measured in lab air prior to toxin introduction.  Quartz crystals 
with plastic coatings were held 3 mm above pure NP, 100 ppm NP solutions, or 3 mL of D2O. 
QCM measurements were obtained for 3h of NP exposure under dry conditions, humid 
conditions, or exposure to humidity alone (D2O).  Afterwards the bottom of the chamber was 
removed and the crystal exposed to clean air and QCM measurements were obtained for 
approximately 20 min. 
6.2.5.5 ATR-FTIR Experimental Details 
To prepare the humid environment, a solution of 100 ppm nonylphenol in D2O was 
applied to a glass slide and excess liquid shaken off.  This slide was placed approximately 3 mm 
above the surface of the ATR prism with plastic coating, and the system was roughly sealed.  
Non-polarized spectra were obtained from 650 cm
-1
 to 4000 cm
-1
.  Spectra were obtained upon 
addition of the slide, and every 3 min until 35 min.  Spectra have been corrected for CO2 
absorption and are presented in the range of 1900-3100 cm
-1




6.3 Results and Discussion 
6.3.1 QCM Studies of NP and D2O Deposition on PS 
QCM experiments were performed to estimate the mass of NP deposited on PS-d8 plastic under 
model dry and humid conditions.  To summarize, one face of a QCM crystal coated with plastic 
was exposed to a “point source” of gas-phase NP under dry conditions (19% humidity), humid 
conditions (3 mm above water/NP solution), and humid conditions with no NP present (above 
water only) in the experimental chamber. Representative QCM mass deposition and desorption 
curves can be found in Figure 6.4.    The data in this figure have been normalized to the 
theoretical mass deposited on the surface area of a plastic film on a calcium fluoride prism 
utilized in the SFG experiments.   
A representative QCM mass deposition curve for NP deposited on PS-d8 under dry 
conditions is found in Figure 6.4a.  As expected, under dry conditions, a monotonic curve 
indicating increase in mass deposited on the plastic covered crystal is observed.  At 2.5h, when 
the chamber with NP is removed for SFG experiments, QCM results yield an estimate that 
approximately 195 ng of NP have been deposited.  Repeated experiments revealed total NP mass 
deposited under dry conditions varied from 136 to 213 ng.  Both QCM and SFG results (shown 
later) indicate a constant rate of deposition from start to 2.5h. 
In order to correctly interpret the QCM and SFG results in this Chapter, the masses given 
by QCM must be compared to the mass of a single layer of NP deposited on the plastic.  The 
minimum mass of a single monolayer on the surface of the plastic was calculated twice using a 
simple sum of triangles to estimate the surface area of two completely flat NP isomers.  Both 
calculations yielded similar estimates in masses, on the order of 170 ng.  Because both 
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calculations assumed a planar surface area of contact, the calculated mass of a monolayer must 
be the minimum value.  Therefore, the deposited mass of NP on PS under dry conditions varies 
from slightly under to slightly greater than that of the calculated single monolayer of NP 
molecules.    
More importantly, every mass deposition/desorption curve collected under dry conditions 
revealed that much less than a monolayer of NP molecules remained on the plastic surface after 
the point source was removed and the plastic exposed to clean air for ~20 min (the deposition 
and desorption curve shown in Figure 6.4b is from one sample).    If the deposition and 
desorption amounts are subtracted, after 20 min of clean air exposure approximately 65 ng of NP 
remain on the plastic.  Repeated experiments show a stabilized mass deposited from 19 to 65 ng. 
Next, the QCM results of the deposition of D2O only on PS under humid conditions are 
studied.  The sorption of D2O is not monotonic, and consists of a very rapid initial increase and a 
plateau followed by a slower increase towards equilibrium (Figure 6.4a). Because we are 
modeling the appearance of a point source of molecules rather than studying a system already at 
vapor equilibrium or with constant vapor generation, our QCM measurements are actually 
representations of both adsorption and evaporation of molecules from the plastic surface. This is 
dependent on many factors, including evaporation rate of D2O from the bulk source, the partition 
coefficient of D2O into the PS-d8 film, and the equilibrium between surface sorption and 
desorption. The rapid increase is due to the large vapor phase concentration difference between 
room air (19% humidity) and the sealed chamber. The slower approach to equilibrium is likely 
dependent on the evaporation of D2O and the equilibrium between the vapor phase D2O and the 
film.  Virtually no water is left in/on the plastic once the system is exposed to air for 20 min, as 
can be seen in the D2O desorption curve in Figure 6.4b. In fact, most of the D2O leaves the 
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system within the first minute of exposure to dry room air.  Repeated experiments revealed a 
varying mass of D2O deposited on the surface, which likely occurred due to slight changes in 
humidity and plastic surface dryness.  Results varied from deposition of 500 to 1005 ng.  
Theoretically a monolayer of water should weigh more than 1230 ng, so less than a monolayer of 
water is deposited during this time.  Regardless of initial mass deposited, virtually all water 









Figure 6.4a. QCM curves of mass deposition on PS-d8: NP only under dry conditions; D2O 
only under humid conditions; NP under humid conditions; 6.4b. Corresponding QCM 
curves of mass desorption once the three systems are exposed to clean air. 
When studying the curve generated when NP is deposited on PS-d8 under humid 
conditions, the rate changes seen with the water deposition are no longer observed.  Once again a 
constant rate of mass is deposited upon the crystal denoted by a smooth curve.  Total mass 
deposited varied from 330 to 824 ng, and deposition of mass was always constant, although the 
total mass is statistically insignificant to the runs of water only.  Once again this is because small 
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changes in surrounding environments changed the mass of water deposited on a given 
experiment.   More important is the result from the humid/NP desorption curve (Figure 6.4b).  
Here after 20 min of air exposure approximately 62 ng of mass remains.  Regardless of initial 
deposition of NP under humid conditions, the mass remaining after 20 min of drying is similar, 
varying from 33 to 62 ng.   
This means a similar amount of total NP molecules remain in/on the PS plastic when the 
NP source is located in a model lake system compared to dry conditions, according to the QCM 
mass desorption curves (Figure 6.4b), even though NP was present in ppt concentrations under 
humid conditions rather than ppm concentrations calculated in the absence of D2O. This was 
unexpected, given the much lower number of available NP molecules in the former case. But 
results indicate enough mass of NP was deposited under both conditions such that an equilibrium 
concentration of NP in/on PS was reached.  This value does not represent a potential  maximum 
NP concentration, however.  If the point source of NP remains for longer periods of time, more 
mass may be deposited on the PS and sorb into the plastic, increasing the amount of stable 
deposited NP molecules. 
6.3.2 Introduction to NP and Analysis of SFG Results 
Before studying the SFG spectra obtained in these experiments, it is important to show 
the ssp SFG spectra of the isomer mixture of NP itself, displayed in Figure 6.5. Important 
signatures to note are the CH3(s) peak at 2875 cm
-1
, clearly observed above the CH2 signatures 
and Fermi resonance, and the phenyl ring signatures observed around 3030 cm
-1





 peak is specifically assigned to a C-H stretching mode of the phenyl ring: v20b 
mode in accordance with previous SFG literature.
42
  The SFG signals associated with two 
181 
 
functional groups on NP: 2880 cm
-1
 and 3030 cm
-1
 are used to monitor NP deposition and 
desorption in real time.  These two functional group signatures are chosen for this study because 
NP typically yields very strong 2880 cm
-1
 signal which has minimal spectral overlap with other 
C-H range NP peaks (as shown in Figure 6.5) and the NP 3030 cm
-1
 is observable on deuterated 







Figure 6.5. SFG ssp spectra of nonylphenol spin coated on a CaF2 prism in air.   
 
6.3.3 NP Adsorption/Desorption on PS Under Dry Conditions 
SFG experiments were completed to model molecular surface changes of PS microplastic 
exposed to a new point source of NP air-borne molecules under dry conditions.  The SFG time-
dependent spectra obtained during exposure of PS-d8 to NP in air for 2.5h can be seen in Figure 
6.6a.  Here, the NP SFG signals 2880 cm
-1
 (CH3 (s)) and 3030 cm
-1
 (C-H stretching of the phenyl 
ring v20b mode) are tracked for two hours.   
It can be clearly observed that the CH3(s) signal increases steadily similar to a gas phase 
mass deposition curve, indicating a consistent rate of deposition which matches QCM results. 
































The phenyl signature, however, remains low in intensity and only slightly increases, suggesting 
that the phenyl rings are highly disordered during the deposition process but the CH3 groups 
remain at least somewhat ordered.  After about 1.75h the signal intensities of the CH3(s) and 
















Figure 6.6. SFG results: 6.6a. Time dependent ssp signals during NP deposition process on 
PS-d8 in dry chamber; 6.6b. The ssp and ppp spectra obtained after 2h of exposure in 
chamber; 6.6c. Time dependent ssp signals obtained once chamber is removed; 6.6d. The 
ssp and ppp spectra obtained after 40 min of exposure to clean air with fits shown as red 
lines and data as points. 
At about the 2h mark of the deposition process, ssp and ppp SFG spectra are obtained in 
the chamber and can be seen in Figure 6.4b.  If we recall the conclusions for mass deposition 



























































































studied with QCM, it is likely that more than a monolayer of NP molecules is present on the 
plastic at this point.  Therefore, quantitative calculations regarding the orientation of any 
functional groups may not accurately reflect surface group behaviors.  SFG spectra can reveal 
however, how the NP molecules are generally ordered on the PS surface under dry conditions 
with NP gas-phase molecules present in air.  The SFG results show the presence of strong CH3 
peaks but very weak phenyl signal.  This indicates that during the deposition process the CH3 
groups on NPs are generally ordered, but the phenol rings of NP lay relative flat on the plastic 
surface or are buried.   
Next, the point source of NP was removed and the plastic surface exposed to clean air for 
1h through the removal of the bottom of the sample chamber.  Figure 6.6c shows the time-
dependent SFG signals of this process.  The initial decrease in intensity, due to the removal of 
the chamber and temporary blocking of laser beams, is followed by a dramatic increase in 
intensity (note a.u. of 25 versus 4 in the chamber).  While some of the increase is due to the 
removal of quartz windows from the incoming and outgoing beam paths, the remaining increase 
is due to molecular reordering, indicating that the CH3 groups stand up more toward the 
hydrophobic air surface upon exposure to clean air.  Decreases in signal with increased air 
exposure time can be attributed to the loss of surface molecules through evaporation (as shown 
in QCM results).  SFG signals show a stable surface structure is reached at about 30 min, when 
methyl and phenyl signals remain constant.  This indicates at this time point, once some NP 
molecules on the topmost surface have been removed to leave less than a monolayer of NP 
molecules, a more stable, ordered layer of NP remains.  SFG spectra taken after 45 min of clean 
air exposure show clear CH3(s) and corresponding Fermi resonance signals.  SFG calculations 
reveal the CH3(s) groups order with an average tilt angle of 44° to the surface normal.  This 
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number does not reflect a single orientation across all CH3 groups, but an average since 12 
isomers of NP will likely yield multiple CH3 orientations.  We can conclude that the NP 
molecules are oriented such that phenol rings lying flat on the plastic and CH3 groups pointed 















Figure 6.7. SFG results: 6.7a. Time dependent ssp signals detected during contact of PS-d8 
with NP to D2O; 6.7b. The ssp spectra obtained after 20 min in D2O; 6.7c. Time dependent 
ssp signals obtained after plastic is removed from D2O; 6.7d. The ssp and ppp spectra 
obtained after 40 min of exposure to clean air with fits shown as red lines and data as 
points. 
To further test the stability of the deposited NP molecules, the plastic was exposed to 
moving water for 30 min in the form of D2O stirred at 125 rpm, and SFG time-dependent spectra 
were obtained in situ (Figure 6.7a).  Almost immediately a decrease in CH3(s) intensity is 



































































































observed, from both loss of molecules and increased disorder.  At 20 min of water contact, SFG 
ssp spectra show CH3 and CH2 groups remain somewhat ordered at the water interface (Figure 
6.7b).   
After water contact, the plastic is re-exposed to air for 1 h.  At this point, there should be 
even fewer NP molecules on the surface of the plastic.  Time dependent SFG signals (Figure 
6.7c) show an increase and decrease in SFG signal over increasing drying time, indicating 
molecular rearrangement as the hydrophobic methyl groups first stand up and then relax as the 
plastic surface dries.  The final ssp and ppp spectra in Figure 6.7d indicate that the CH3 groups 
are highly ordered.  Fitting results indicate that the methyl groups tilt at an average of 
approximately 43° to the surface normal, similar to their previous orientation in air before water 
contact.  The lack of large phenyl signal indicates that the phenol rings lie down or are buried in 
the plastic.  Looking at the total intensity of the ssp spectra at the end stage versus after removal 
from the chamber (a.u. of 5.5 vs. 11 for the CH3(s) mode) and at the decrease in time dependent 
spectra after in Figure 6.7c, we can insinuate that there are fewer molecules present after the 
agitating steps.  Most importantly, we can conclude that even after agitating steps modeling a 
plastic re-exposed to moving water, there are still NP molecules present on the surface of the 
plastic. 
6.3.4 NP Adsorption/Desorption on PS Under Humid Conditions 
SFG experiments were also completed to model molecular surface changes of PS plastic 
exposed to a new point source of NP air-borne molecules under humid conditions like those near 
a body of water.  SFG time dependent signals obtained during deposition of NP above water 
show an interesting signal trend (Figure 6.8a).  Instead of a steady increase in CH3(s) signal, the 
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signal increases overall, but there are two areas of faster signal increase at around 700 s and 2400 
s as well as a much higher signal intensity than the dry conditions (note maximum a.u. of  20 
versus 3.5).  The phenyl ring signal changes can be observed and an increase then decrease in the 
3030 cm
-1
 signal is seen at around 2500 s.     
After two hours of exposure, ssp and ppp SFG spectra were obtained inside the 
deposition chamber (Figure 6.8b).  Here, weak phenyl signal can be observed as well.  CH3 
signals are present under both polarizations, indicating methyl group ordering once again.  
However, no calculations for orientation were completed since we know that at this point, more 
than a monolayer of NP molecules may be present on plastic (according to the QCM data 
presented above).  We can assume that if water molecules were also present on the surface of the 
plastic, the rearrangement of CH3 groups away from the surface would be likely.  
A similar pattern to the low humidity case arises once the chamber is removed and the 
system exposed to clean air (Figure 6.8c).  A clear initial signal increase and then decrease is 
observed for the CH3(s) group as the chamber is removed and NP molecules evaporate.  After 30 
min, SFG signals remain similar in intensity.  Note that the NP SFG signals are much higher 
after exposure to air for 1h in the humid case than the dry case, which may be indicative of better 
























Figure 6.8. SFG results: 6.8a. Time dependent ssp signals during the NP deposition process 
on PS-d8 in humid chamber; 6.8b. The ssp and ppp spectra obtained after 2 h of exposure 
in chamber; 6.8c. Time dependent ssp signals obtained once chamber is removed; 6.8d. The 
ssp and ppp spectra obtained after 40 min of exposure to clean air with fits shown as red 
lines and data as points. 
At 45 min of clean air exposure, SFG spectra are obtained (Figure 6.8d).  Calculations 
reveal that the CH3 molecular groups tilt at an average of 44° to the surface normal, very similar 
to the calculated orientation of CH3 groups 45 min after NP deposition under low humidity.  
Interestingly, the overall SFG signal intensities are still much higher after the humid deposition 
compared to the dry deposition.  This contrasts with QCM results, which indicate a similar 
number of NP molecules remain on the plastic surface after 20 min of exposure to clean air, 
regardless of deposition environment.   




















































































It is believed that the presence of water on the plastic plays a role in these increased SFG 
signal intensities during and after humid NP deposition. With more water present during 
deposition, forming a more hydrophilic surface, more methyl groups on the 12 isomers of NP 
will become ordered and tilt away from the plastic surface, or in other words, there are fewer NP 
groups that point inward to the plastic, are disordered, or lie flat due to hydrophobic/hydrophilic 
molecular interactions.   Thus, we do not see dramatic changes in average methyl orientation 
after the NP is deposited in a humid environment, but still see an overall increase in methyl 
signal intensities. 
Upon exposure to the agitating water system, CH3(s) signals drop dramatically, (Figure 
6.9a and 6.9b) but increase once the plastic is re-exposed to air and reach a stable surface 
structure after 30 min (Figure 6.9c and 6.9d).  Owing to a loss of surface molecules, the SFG 
signals are much lower than first exposure to air, and it is apparent that CH3(s) groups are still 
well ordered, with an average orientation of 33° to the surface normal after 45 min of drying 
time.  This indicates that the NP molecules adopt different orientations at equilibrium after they 
were deposited under humid conditions compared to dry conditions.  We also conclude that NP 






















Figure 6.9. SFG results: 6.9a. Time dependent ssp signals during contact of PS-d8 with NP 
to D2O; 6.9b. The ssp spectra obtained after 20 min in D2O; 6.9c. Time dependent ssp 
signals obtained after plastic is removed from D2O; 6.9d. The ssp and ppp spectra obtained 
after 40 min of exposure to clean air with fits shown as red lines and data as points. 
6.3.5 NP Adsorption/Desorption on PS Under Humid Conditions with Lake Water 
Solution 
To demonstrate the validity of NP deposition on plastic under a lake environment, the 
humid NP deposition experiments were repeated with lake water collected from Lake Erie 
instead of purified and/or heavy water.  As can be seen in Figure 6.10a., the same sort of CH3(s) 
signal intensity pattern occurs.  And with the lake water experiments, all SFG signals are on the 
same order or higher than those found with the humidity NP model deposition experiments.  



























































































After 2h of NP exposure in the chamber (Figure 6.10b.), it can be observed that the CH3(s) 
groups tilt towards the surface normal, and the phenyl rings do not lie completely flat, similar to 
the experiments with D2O solutions.  There is also evidence of a small amount of water ordering 
on the surface of the plastic; O-H stretching signals between 3100 and 3700 cm
-1
 can be seen.  
After removal of the chamber (Figure 6.10c.) there is a slight decrease in signal, indicating some 
surface NP loss.  A second NP deposition experiment can be seen in Figure 6.10d.  Here, the 
change in CH3(s) signal is more obvious.  This experiment demonstrates that in a real lake 
environment, NP may not deposit exactly the same on different plastic samples, but the same 






















Figure 6.10. SFG results: 4a. Time dependent ssp signals during NP deposition process on 
PS-d8 in humid chamber using lake water instead of purified water; 6.10b. The ssp and ppp 
spectra obtained after 2h of exposure in chamber.  Note small signals from ordered water 
present (evidenced by the O-H stretching signals between 3100 and 3700 cm
-1
); 6.10c. Time 
dependent ssp spectra obtained once chamber is removed; 6.10d. Time dependent ssp 
spectra during NP deposition process for a second sample.  Note changes in intensity but 
same basic signal pattern. 
6.3.6 Studies on Water Presence and Ordering During NP Humid Deposition 
To try and pinpoint the presence and role of interfacial water ordering on NP deposition 
behaviors under humid conditions, SFG spectra were obtained of the humid condition model 
using H2O instead of D2O.  Results can be seen in Figure 6.11a.  Upon introduction of the 100 
ppm NP water mixture to the sample chamber, some ordered water signature is observable with a 
peak center around 3300 cm
-1
.  The large signal seen at 2900 cm
-1
 is partially attributed to non-
resonant signal of PS-d8 under ppp SFG conditions.  The spectra obtained in ppp polarization at 






















































































































the plastic surface were normalized to green light only and a dip at 3200 cm
-1
 occurs because of 
fluctuation in IR intensity.  At the end of 2.5 h of exposure, the surface of the plastic reveals 
intense signals from NP and not much change in the ordered water signal.  No pattern of multiple 
increases and decreases in water signal were observed like in the case of CH3(s) signal during 
humid deposition.  However, the presence of some tightly bound interfacial water molecules on 
the surface of the PS plastic during NP deposition is confirmed.  There is no evidence of 
decrease in ordered water signal throughout the NP deposition process as well. Throughout the 
deposition process, theoretical mass calculations coupled with QCM data indicate that less than a 
monolayer of water should be present on the surface of the plastic.  Therefore it is likely that the 
observed SFG water signals originate from the ordered water molecules near the surface of the 
plastic and give a good representation of interfacial water structure. 
To prove that the spectral peaks observed in the previous figure are indeed due to ordered 
water, the same experiments with 100 ppm nonylphenol solution were completed with D2O and 
spectra were again obtained in situ (Figure 6.11b).  Note that an increase in signal is observed 
(this time the first spectrum demonstrates a much lower non-resonant ppp signal) but no peaks in 
the water O-H stretching region of the spectrum are observed throughout the process from start 














Figure 6.11. SFG Results: 6.11a. SFG water ppp spectra obtained during humid NP 
deposition process on PS-d8 in humid chamber using H2O instead of D2O.  Starting spectra 
obtained upon chamber enclosure and final spectra after 2h; 6.11b. SFG ppp spectra 
obtained during humid NP deposition process on PS-d8 in humid chamber using D2O.  
Starting spectra obtained upon chamber enclosure and final spectra after 2h. 
ATR-FTIR data reveal that D2O molecules are present on the PS plastic surface very 
quickly upon the addition of a glass slide with 100 ppm nonylphenol in D2O 3 mm above the 
plastic-coated ATR crystal.  Only one broad peak centered at about 2500 cm
-1
 can be observed, 
and a trend in the increase of D2O signal, and therefore number of molecules, is observed up to 
about 35 min, indicating that D2O molecules continue to deposit during the NP deposition 
process (Figure 6.12).  At 35 min and thereafter a decrease in signal occurs at the same time that 
a decrease in the amount of solution on the slide is observed, indicating that in this loosely closed 
system the volume of water used is not sufficient to reach saturation equilibrium.  If more 
solution is added (data not shown), the D2O signals increase once again, confirming this 
hypothesis.  Thus the ATR-FTIR experiment is not completely similar to the SFG and QCM 
experiments, which contain enough water molecules to be able to reach saturation equilibrium.  






















































































quick start of deposition of water and contiguous deposition during the time that NP is also 
deposited.  The ATR data also demonstrates the power of our SFG technique.  For ATR-FTIR, 
heavy water dominates the spectrum and it is extremely difficult to observe peaks associated 










Figure 6.12. ATR-FTIR spectra obtained during humid deposition of NP on PS-d8. 
 
QCM data and ATR-FTIR data indicate a steady deposition of water molecules during 
the humid NP deposition, but the SFG signals of ordered water do not change over time.  This 
means that we cannot conclude the degree of water ordering is the underlying reason for SFG 
signal changes during NP humid deposition. We can reasonably conclude that the presence of 
surface water molecules induces changes that result in SFG signal fluctuations since the 
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increased number of water molecules (and decreased number of NP(g))  is the major difference 
between the two deposition systems.  It is likely that hydrophilic/hydrophobic interactions 
between the plastic, NPs and water induced SFG CH3(s) signal changes but a more detailed 
investigation into the physical mechanism behind the SFG signal fluctuation, should be 
conducted in the future. 
6.4 Conclusions 
In this study we found that NP quickly and semi-permanently deposits on PS plastic 
under both dry and humid conditions, modeling environments over land mass, and lake water, 
respectively.  Surprisingly, a similar number of stable NP molecules are deposited on PS under 
humid conditions and dry conditions even though the initial concentration of NP(g) molecules 
under the former condition was orders of magnitude lower.  NP molecules reorder in a unique 
manner during deposition on plastics under humid conditions, most likely due to the presence of 
interfacial water molecules and changing surface energy of the plastic.  In addition, C-H groups 
of NP surface molecules deposited under humid conditions were more ordered at all stages of 
investigation than those of NP molecules deposited under dry conditions.  Agitating conditions 
(moving water and re-exposure to air) remove NP molecules from PS, but some surface NP 
molecules deposited under humid or dry conditions remain on the surface of the plastic at all 
stages of testing.   
Realistically, our results indicate that a prolific environmental lake toxin, nonylphenol, 
may quickly and semi-permanently deposit on very small pieces of hydrophobic plastics above 
lake water even under extremely low air concentrations (lower than 9 ppt) and calm weather 
conditions.  In a matter of hours under these model lake conditions, tens to hundreds of 
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nanograms of gas phase NP can sorb on an area of plastic less than half a millimeter and major 
NP deposition on the plastic surface occurs in less than 1 min. The presence of atmospheric 
water induces unique molecular restructuring at the plastic surface over minutes to hours, 
changing how the NP deposits.  In the case of polystyrene plastic, there is great potential for just 
as much NP to sorb and collect in great numbers on plastic in a humid environment compared to 
a dry one with a much higher concentration of gas-phase NPs.  Overall, NP deposition on 
plastics occurs much differently at a molecular level above bodies of water compared to on land.  
If NP or similar environmental toxins deposit on hydrophobic plastics in a freshwater system, it 
is highly likely that some toxins will remain in the surface layers of the plastic (and not sorb 
completely into the plastic) until transfer to a more favorable amphiphilic environment is 
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SUMMARY AND FUTURE DIRECTIONS  
 
Research in this thesis investigated the in situ molecular interactions between common 
plastics and surrounding matter including chemical reactions, plasticizer leaching, surface 
structural changes, and toxin adsorption in order to better understand how plastics impact the 
environment at a molecular level.  Much emphasis was placed on studying changes to phthalate-
plasticized PVC plastics from harsh chemical environments and proposed plasticizer treatment 
methods.  The effects of changes in environment (humidity) on toxin sorption on common 
plastics were also elucidated.  A brief summary of research conclusions, achievements and 
impacts is given below. 
7.1 Thesis Summary 
Chapter Two marks the onset of research probing the molecular behaviors of phthalate-
plasticized PVC plastics in situ.  Together with Dr. Chi Zhang, we developed sample and 
experimental methodology to study both the surface and bulk structures of polymer materials in 
the same environment near simultaneously using Chi’s CARS/SFG combined laser setup.  Such 
general methods may be applied to study the surface and bulk structures of a wide range of 
complex polymer systems in the same chemical environment. 
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We demonstrated that DEHP, a common PVC plasticizer, can be present on the surfaces 
of model PVC plastics under normal atmospheric conditions even if very little DEHP was added 
to the plastic by weight (5 wt%).  Annealing of the plastics leads to phthalate leaching, which 
was observed with both SFG and CARS spectroscopies.   The power and sensitivity of analytical 
nonlinear optical technique SFG was demonstrated by early observation of phthalate leaching 
occurring at a scale of hours rather than days or weeks.  Because of the inherent sensitivity of the 
SFG process, we are able to use this spectroscopy as a predictive technique for fundamental 
studies on surface chemical reactions, ultimately saving time and resources during the process of 
surface treatment selection. 
We also elucidated the surface and bulk molecular effects of surface leaching treatment 
air plasma exposure on PVC plastics plasticized with different concentrations of phthalates.  
Results include surface scission of PVC chains, removal of chlorine, and deposition of oxygen 
moieties.  The C-H groups of surface DEHP molecules remained relatively intact compared to 
the PVC polymer.  No major changes were observed to occur throughout the bulk of the plastics, 
leaving us to conclude that at appropriate exposure times, air plasma treatment induces chemical 
reactions only at the topmost surface layers of PVC plastics.  An understanding of how leaching 
treatments like plasma exposure change plastics at a molecular level can greatly aid in improving 
and developing new treatments and methodologies. 
In Chapter Three, I investigate the molecular changes induced to PVC plastics from short 
and long wave UV exposure, with intent to understand how plastic structure and content change 
from exposure to UV lamps and sunlight at a fundamental level.  It was determined that 
phthalate-plasticized PVC materials were greatly affected by short wave UV exposure on a scale 
of hours, leading to the degradation of phthalates on both the surface and bulk of the plastic 
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through reactions with ozone and hydroxyl radicals.  Stable surface products formed from short 
wave UV exposure include monoesters, diacids, and alkyl products before complete degradation.  
PVC plastics that did not contain phthalates were less affected by short wave UV, leading only to 
minor reactions of PVC chains throughout the plastic, increased surface hydrophilicity, and some 
deposition of surface oxygen moieties.  In contrast, exposure of phthalate-plasticized PVC to 
long wave UV induced no chemical changes, as the phthalates protected the PVC chains from 
damage.  Results from this Chapter aid in demonstrating how plastics may be altered after 
exposure to harsh chemical environments even when no macroscopic or microscopic physical 
changes can be observed.  In addition, the fundamental insights gained in this study aid in 
environmental research on plastics, elucidating which surface products may now interact with 
surrounding wildlife. 
In Chapter Four, we take the information gained in Chapter Three and push it forward 
towards real-life applications of treating plastics after disposal.  The goal in this Chapter was to 
evaluate the effectiveness of two UV-based plastic treatment methods designed to degrade 
phthalates in plastic and thus reduce or eliminate the risk of phthalate leaching after the plastic is 
no longer usable.  Spectroscopic techniques SFG and SIMS evaluated the molecular surface 
structure changes, and surface content changes, respectively, after plastics were treated with 
short wave UV, or short wave UV/35 wt% H2O2.  It was found that both methods left similar 
phthalate degradation products up to 5h of treatment, with only surface structural changes varied 
due to the introduction of liquid in the latter treatment method.  Bulk spectroscopic technique 
FTIR revealed molecular changes throughout the majority of the plastic.  Interestingly, short 
wave UV exposure appeared to degrade more phthalates up to 8h of treatment in the bulk of the 
plastic compared to the UV/H2O2 treatment.  This was found to occur because the aqueous-phase 
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hydroxyl radicals from H2O2 preferentially reacted with polymer chains over phthalates.  Finally, 
a basic degradation scheme of DEHP reactions from the two treatment methods was proposed, 
highlighting stable step degradation products MEHP, diacids, and molecules with hydroxylated 
phenyl rings. 
Thus, we evaluated simple short wave UV exposure as a successful methodology to 
degrade phthalates in used clear and/or thin PVC plastics, with minimal damage to the polymer 
itself.  This may be applicable for plastics designated for recycling and landfills.  In contrast the 
UV/H2O2 treatment was slightly less successful in degrading phthalates in the allotted time, but 
also induced polymer reactions to partially degrade the PVC polymer.  Therefore, the UV/H2O2 
treatment may be applied to clear and/or thin PVC plastics which will be disposed of rather than 
recycled, due to the added benefit of pre-degradation of the polymer network which aids in 
speeding up the breakdown of the plastic itself.  One must take into account, however, the safety 
and ease of treatment methods, in which case short wave UV exposure alone is the clear choice.  
The methods developed in this thesis for plasticizer degradation forward research in 
environmental detoxification, and if polished and combined with current practices, may be 
helpful in regions where proper disposal routes may be lacking 
The research in Chapter Five led us to understand how PVC plastic surfaces change from 
water contact using SFG, and advanced SFG theory on post-processing multiple-interface 
signals.  For all PVC plastics, water contact induced irreversible surface molecular ordering 
changes.  But, it was determined that the degree of surface order and speed of water penetration 
through PVC thin films was directly dependent upon the concentration of phthalate added to the 
plastic.  A small percent of DEHP (10 wt%) added to PVC actually increased CH2 order at the 
plastic/water interface compared to pure PVC, but left all CH3 groups almost instantly disordered 
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as was seen in the case of pure PVC as well.  With a larger percent of DEHP added to PVC (25 
wt%), the surface of the plastic was almost instantly disordered at the water interface, and water 
migrated through the film quickly, to induce almost complete molecular disorder on the opposite 
side of the film.  Newly developed SFG-based leaching tests revealed that in the process of 
surface disordering, some DEHP leached into water and could be transferred permanently to new 
materials by water contact within minutes.  Therefore using this platform we can observe how 
toxins release and transfer from surface to surface through liquid contact. 
During this process, we found that it is possible to gain information on two interfaces of a 
thin-film system at the same time, provided the conditions for the sample are appropriate.  The 
developed multi-interface methodology we utilized to deconvolute multi-interface SFG signals is 
general and can be applied to numerous thin-film systems in situ and in real time.  In addition, it 
aids in explaining signal differences observed when the same thin-film sample is probed with 
SFG under two different sample geometries. 
Lastly, in Chapter Six I investigate the interaction of prominent environmental toxins 
nonylphenols with hydrophobic microplastic surfaces under model lake vs. land conditions using 
SFG with a new sample stage chamber, QCM, and ATR-FTIR.  With SFG, we could observe NP 
deposition in situ, and found gas-phase NP molecules depositing on plastics in seconds under 
both environments.  It was determined that the humid air space above a calm lake surface 
provides an excellent environment for NP deposition on hydrophobic plastics.  We determined 
increases in humidity, and thus the presence of water molecules on the surface of the plastic in 
the model lake conditions changed how NPs deposited on plastic surfaces at a molecular level.  
In the case of PS, this led to a similar amount of NP deposition and greater molecular ordering 
under model lake conditions compared to dry land with much fewer available NP molecules. 
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This may have occurred because the increase in surface hydrophilicity provided a better 
environment for adsorption and packing on the PS surface.  Under the humid environment, more 
CH3 groups on NP were highly ordered toward the plastic surface normal, again attributed to 
changes in surface energy.  The permanence of NP deposition on plastic was tested by inducing 
agitating conditions (air exposure, moving water exposure and re-exposure to air) and it was 
found that each agitating step reduced the number of NP molecules on the plastic surface, but NP 
molecules were present on plastic surfaces at all steps, regardless of deposition environment.   
From these studies we can conclude that very hydrophobic microplastics located in a 
humid environment with toxin point sources (as is the case with the Great Lakes), may collect 
and adsorb similar amounts of toxins like NP over extended amounts of time compared to 
plastics located on land with a much higher number of available NPs nearby.  We can also 
predict that some plastic-bound toxin molecules will evaporate once the point source is removed, 
but that the plastic will likely retain some surface toxin molecules until a more favorable 
hydrophobic environment is presented.  By understanding how prominent toxins adsorb, desorb, 
and pack on microplastic surfaces, we may further elucidate the impact of microplastics on 
freshwater organism life cycles. 
7.2 Future Research 
 As has been stated throughout this thesis, the work performed here was fundamental in 
nature, and while we do provide vital information forwarding applied research, there are also 
very many future research avenues that can branch off from these projects.   Here, I will briefly 
outline a few research opportunities which I believe should be addressed in the future. 
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7.2.1 Fundamental Nonlinear Optical Spectroscopy on Bio-Polymers 
It can be clearly concluded from this thesis that while investigation of methods to reduce 
the negative impact of PVC plastics on the environment are warranted, the future application of 
polymer alternatives should also be considered.  The institution of new plastics that may be 
manufactured with fewer or no petrochemicals is particularly desirable as the depletion of non-
renewable energy resources continues.  Viable alternatives to PVC and medical plastics include 
bio-plastics, which may be synthesized and even degraded by bioorganisms.
1-3
  As of yet, no 
promising bio-produced plastics have been thoroughly studied using SFG and CARS.  Lack of 
surface nonlinear optical studies on these materials may be attributed to bio-polymer thin-film 
structures, which tend to be crystalline and generate bulk SFG signals.  But there is great promise 
in studying the surface and bulk structures of bio-plastic polymer blends, which are often more 
stable, robust, and less crystalline materials than the bio-plastic alone.  I believe that SFG/CARS 
studies can again be utilized to predict in which model situations bio-plastics degrade or remain 
unaltered, in efforts to advance future plastic formulation. 
7.2.2 Advancing Analytical Research on Lake-bound Microplastics 
As previously mentioned, environmental research on the impact of microplastics on 
freshwater ecosystems is currently in its infancy.  Thus, there are many research directions 
within this field varying from field ecology work to fundamental physical studies.  Some 
potential projects however, are of particular interest to me.  These include UV-degradation 
studies on plastics within the surface layers of water, enhanced bio-degradation of common 
plastics, and combinatory analytical research on plastic bio-films.   
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Briefly, to address the former research study, it is important to elucidate the effects of 
aging and UV/radical degradation on lake-bound microplastics for two major reasons.  First, the 
surface and bulk of the plastics may dramatically change at a molecular level and knowing how 
plastics change can yield what molecules and molecular fragments are now introduced to the 
surrounding ecosystem.  Second, the induced molecular changes may provide different 
environments for microbial growth and toxin adsorption, due to changes in hydrophobicity and 
surface energy.  Currently, it is difficult to predict the age of a microplastic collected from a 
freshwater system.  But, if there are means to correlate microbial strains with degree of plastic 
degradation through model spectroscopic studies, researchers may be able to gain important 
information on the lifetime of microplastics and their role in the surrounding environment.    
Spectroscopic studies on real plastics in a model lake environment exposed to UV light, toxins, 
and/or microbes, may help address the two proposed concerns. 
On a related note, studies on the effects of microbial colonies and biofilms on 
hydrophobic plastics may reveal an energy efficient means to purposely degrade plastics under a 
variety of different environments.  Introduction of complex microbial colonies or single strains 
of biofilm producing microorganisms to plastics for the purpose of bio-degradation has been 
previously performed with some success.
4-7
  Research in this field could be furthered by studying 
the effects of colonies cultured from collected freshwater microplastics on plastics in-house.   
With the isolation of successful biofilm colonies, it may be feasible to someday utilize local biota 
to degrade plastics. 
The mechanism of plastic biodegradation may vary depending upon both plastic type and 
microbial strain.
8
  Microplastics collected from the field have shown surface pitting and erosion 
where microbial communities are present.
9
  However, it is often difficult to decipher if micro-
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pitting occurs from mechanical action or chemical reaction.  Using analytical techniques like 
FTIR, SIMS, and SFG/TIRF, it may be possible to deduce possible chemical reactions between 
biorganism secretion and the molecular components of plastic surfaces, thus providing new 
details on the microbial life/plastic relationship. 
7.3 Concluding Remarks 
Conclusions on research topics tend to be difficult to write, if only for the fact that 
research in one’s field of choice is never really finished.  But if I can say anything at all 
regarding the enclosed Chapters, it is this:  starting off as a budding young scientist with naive, if 
not overly ambitious goals, it has been both a pleasure and hardship to search for answers to the 
unknown.  I take no attempt to profess that I am a much older, wiser person with regards to 
analytical and material science, but I can say that we did have some success in research 
achievements which I list here.  The major goals of this research included the advancement of 
knowledge regarding the environmental impact of plastics, surface changes of plastics under 
varying conditions, future green plastic treatments, and the improvement and/or application 
expansion of non-linear optical analytical techniques.  I can happily say that we have made 
progress in all four categories and have therefore collectively aided in the ongoing improvement 
of polymers and plastics.  And as long as scientists as a whole continue the search to learn about 
materials integral to society at large, our abilities of improving and designing safer, greener, and 
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